Mechanical Behavior of Tough Hydrogels for Structural Applications by Illeperuma, Widusha Ruwangi Kaushalya
Mechanical Behavior of Tough
Hydrogels for Structural Applications
The Harvard community has made this
article openly available.  Please share  how
this access benefits you. Your story matters
Citation Illeperuma, Widusha Ruwangi Kaushalya. 2015. Mechanical
Behavior of Tough Hydrogels for Structural Applications. Doctoral
dissertation, Harvard University, Graduate School of Arts &
Sciences.
Citable link http://nrs.harvard.edu/urn-3:HUL.InstRepos:17467230
Terms of Use This article was downloaded from Harvard University’s DASH
repository, and is made available under the terms and conditions
applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-
use#LAA
 Mechanical Behavior of Tough Hydrogels for Structural 
Applications 
 
A dissertation presented 
by 
 
Widusha Ruwangi Kaushalya Illeperuma 
 
to 
The School of Engineering and Applied Sciences 
in partial fulfillment of the requirements 
for the degree of 
Doctor of Philosophy 
in the subject of 
Engineering Sciences 
 
Harvard University 
Cambridge, Massachusetts 
April, 2015 
  
  
 
 
 
 
 
 
© 2015 – Widusha Ruwangi Kaushalya Illeperuma 
All rights reserved
 iii 
Thesis Advisors    Author 
Zhigang Suo, Joost J. Vlassak  Widusha Ruwangi Kaushalya Illeperuma 
Mechanical Behavior of Tough Hydrogels for Structural 
Applications 
 
Abstract 
Hydrogels are widely used in many commercial products including Jell-O, contact lenses, 
and superabsorbent diapers. In recent decades, hydrogels have been under intense 
development for biomedical applications, such as scaffolds in tissue engineering, carriers for 
drug delivery, and valves in microfluidic systems. But the scope is severely limited as 
conventional hydrogels are weak and brittle and are not very stretchable. This thesis 
investigates the approaches that enhance the mechanical properties of hydrogels and their 
structural applications.  
We discovered a class of exceptionally stretchable and tough hydrogels made from poly-
mers that form networks via ionic and covalent crosslinks. Although such a hydrogel contains 
~90% water, it can be stretched beyond 20 times its initial length, and has a fracture energy 
of ~9000 J/m2. The combination of large stretchability, remarkable toughness, and 
recoverability of stiffness and toughness, along with easy synthesis makes this material much 
superior over existing hydrogels. Extreme stretchability and blunted crack tips of these 
hydrogels question the validity of traditional fracture testing methods. We re-examine a 
widely used pure shear test method to measure the fracture energy. With the experimental 
and simulation results, we conclude that the pure shear test method can be used to measure 
 iv 
fracture energy of extremely stretchable materials.   
Even though polyacrylamide-alginate hydrogels have an extremely high toughness, it 
has a relatively low stiffness and strength. We improved the stiffness and strength by 
embedding fibers. Most hydrogels are brittle, allowing the fibers to cut through the hydrogel 
when the composite is loaded. But tough hydrogel composites do not fail by the fibers 
cutting the hydrogel; instead, it undergoes large deforming by fibers sliding through the 
matrix. 
Hydrogels were not considered as materials for structural applications. But with 
enhanced mechanical properties, they have opened up novel applications. This thesis aims to 
investigate the broader applications, well beyond those investigated so far. We show fiber 
reinforced tough hydrogels can dissipate a significant amount of energy at a tunable level of 
stress, making them suitable for energy absorbing applications such as inner layer of helmets. 
We develop inexpensive fire-retarding materials using tough hydrogels that provide superior 
protection from burn injuries. We also study hydrogels as actuators that can be used in soft 
robotics. Hydrogels contain mostly water and they freeze when the temperature drops below 
00C and lose its functions. We demonstrate a new class of hydrogels that do not freeze and 
hydrogels that partially freeze below water freezing temperature. Partially freezing hydrogels 
are ideal for cooling applications such as gel packs and non-freezing hydrogels are useful in 
all the structural applications at low temperatures.  
This thesis will enable the use of inexpensive hydrogels in a new class of non-traditional 
structural applications where the mechanical behavior of the hydrogel is of prime 
importance.  
 v 
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Chapter 1 
Introduction 
Engineering structures are made with hard materials such as metal, concrete, glass and 
ceramic. In contrast soft materials are the major components of natural systems including 
humans, animals and plants [1,2]. Natural tissues such as cartilage, spinal disc, tendons and 
ligaments are all soft materials. They contain mostly water but they are tough and strong and 
can protect the human body from all the impacts in life. There is a long driven search to 
develop soft and wet materials to match with the mechanical properties of natural tissues [3, 
4]. Researchers believe hydrogels are the closest materials to natural tissues.  
Hydrogels are aggregations of hydrophilic polymer networks and water. Typical 
hydrogels contain more than 90% water and less that 10% polymer network by weight. 
Hydrogels have two salient attributes: the polymer network enables elasticity, making the 
hydrogels solid-like; and the permeating water enables mass transport, making the hydrogels 
liquid-like. Hydrogels differ from conventional solids in their mechanical properties and their 
response to external stimuli [4]. Hydrogels can change the volume dramatically by absorbing 
or releasing water, which can result in changes of properties. Even though conventional 
hydrogels are soft and wet similar to natural tissues, they are weak and brittle and exhibit 
much poor mechanical properties compared to natural tissues.  
Hydrogels are widely used in many commercial products such as Jell-O, contact lenses, 
superabsorbent diapers, medical creams, cosmetics, gel packs and so on. Many of these 
applications do not require hydrogels for bearing a significant load. But some commercial 
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applications of hydrogels are limited by the poor strength and toughness of hydrogels. The 
durability of contact lenses, for instance, is limited by the low toughness of the hydrogel used 
to make them [5]. In recent decades, hydrogels have been under intense development for 
biomedical applications, such as scaffolds in tissue engineering [6], carriers for drug delivery 
[7], and extracellular matrices for biological studies [8]. Hydrogels are also studied as valves 
in microfluidic systems [9] sensors and actuators [10], antifouling gel coatings [11] and 
packers in oilfields [12]. The scope of applications, however, is often severely limited by the 
mechanical behavior of hydrogels [3, 4]. 
 
1.1 Motivation of the thesis 
Most existing hydrogels are weak, brittle, and not very stretchable. Thus hydrogels are 
not considered as materials for load bearing structural applications [4]. Hydrogels with 
enhanced mechanical properties not only improve the scope of the developing applications 
but also will lead to novel and large-scale applications that researchers have not investigated 
so far. This thesis investigates scientific issues that arise in the development of stretchable, 
tough and strong hydrogels. Large-scale use of hydrogels is attractive for a number of 
reasons. Many kinds of polymers can form hydrogels; this diversity enables suitable 
polymers to be selected to achieve specific functions. Hydrogels consist mostly of water; 
many hydrogels are inexpensive and environmentally friendly. Hydrogels based on alginates 
are a case in point. Alginates are extracted from seaweeds (e.g. rockweed and giant kelp) that 
are naturally abundant in the oceans throughout the world. The annual production of 
alginates is estimated to be less than 10% of that available in the algae crops [13]. The 
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sources of alginates are regarded as unlimited even for a steadily growing industry: it is 
conceivable that algae will be cultivated if large-scale applications emerge. Although the cost 
of hydrogels is low, examples of massive use of hydrogels are few. A notable exception is 
their use in superabsorbent disposable diapers [14]. The main obstacle to widespread use of 
hydrogels is the poor mechanical properties. 
Most existing hydrogels are soft and brittle, with strength on the order of 10 kPa, and 
fracture energy on the order of 10 Jm-2 [4, 15].  This value of fracture energy is compared 
with the values for several other materials. For instance, the fracture energy is on the order 
of 10 Jm-2 for tofu and Jell-O, 100 Jm-2 for contact lenses, 1000 Jm-2 for cartilage, and 
10,000 Jm-2 for natural rubber. In the recent decade, several strategies have emerged to 
synthesize tough hydrogels, including double network hydrogels [16], nano- and micro-
composite hydrogels [17,18], tri-block copolymers and hydrophobic associated hydrogels 
[19,20]. The double network hydrogel, perhaps the best-known tough gel emerged in the last 
decade, has a fracture energy of 100-1000J m-2 [16]. Hydrogels of much improved 
mechanical behavior have raised the hope that they might substitute traditional soft 
materials such as natural rubber in some existing applications. Here we investigate possible 
structural applications where mechanical behavior is critical.  
 
1.2 Outline of the thesis 
The goal of this thesis is to discover, understand and exploit hydrogels with superior 
mechanical properties for non-traditional structural applications. The thesis is organized as 
follows. Chapter 2 investigates a new class of exceptionally stretchable and tough hydrogels 
 4 
 
made from polymers that form networks via ionic and covalent crosslinks [21]. Although such 
a hydrogel contains ~90% water, it can be stretched beyond 20 times its initial length and has 
a fracture energy of ~9000J/m2. Extreme stretchability and blunted crack tips of these 
hydrogels question the validity of traditional fracture testing methods. In chapter 3 we 
propose to use the classical pure shear test method to measure fracture toughness [22]. Both 
experimental and simulation results show that pure shear test method can still be used for 
extremely stretchable materials beyond the pure shear test conditions.  
Whereas the stretchability and fracture energy of the polyacrylamide-alginate hydrogels 
are exceptional, its stiffness and strength are modest. Chapter 4 explores fiber-reinforced 
hydrogel composites with improved stiffness and strength [23]. Development of tough, 
strong and stretchable hydrogels has allowed us to investigate novel structural applications 
for hydrogels. Fiber reinforced hydrogels are ideal for absorbing energy and can be used as 
inner layers of helmets to avoid head injuries as shown in chapter 4. Chapter 5 investigates 
hydrogels as fire-retarding materials [24]. Tough hydrogels contain mostly water and can 
absorb a large amount of heat from a fire. By combining with a low thermal conductive fabric, 
we prepare laminates that can save peoples lives from burn injuries. Chapter 6 characterizes 
the force-stroke behavior for hydrogel actuators using ideal elastomeric gel theory and with 
experiments [25]. In chapter 7 we develop a new class of hydrogels that partially freeze and 
hydrogels that do not freeze. Partially frozen hydrogels are ideal for cooling applications. 
Non-freezing hydrogels are suitable for all the above-mentioned applications. 
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Chapter 2  
Highly stretchable and tough hydrogels 
2.1 Introduction 
Most hydrogels do not exhibit high stretchability and toughness. For example, an 
alginate hydrogel ruptures when stretched to about 1.2 times its original length.  Some 
synthetic elastic hydrogels [26, 27] have achieved stretches in the range of 10-20, but elastic 
gels are known to reduce achievable stretches markedly when samples contain notches.  
Most hydrogels are brittle, having fracture energy on the order of 10 J/m2 [28].  By 
comparison, the fracture energy is ~1000 J/m2 for cartilage [29] and ~10,000 J/m2 for 
natural rubbers [30].  Intense efforts are devoted to synthesizing hydrogels of enhanced 
mechanical properties [16-20, 31-36]; certain synthetic hydrogels have reached fracture 
energy in the range 100-1000 J/m2 [16,32,35]. Despite the exciting achievements, much of 
the property space of hydrogels remains uncharted.   
Here we report extremely stretchable and tough hydrogels made of polymers forming 
networks via ionic and covalent crosslinks. Although such a gel contains ~ 90% water, it can 
be stretched beyond 20 times its initial length, and has fracture energy of ~9000 J/m2.  Even 
for samples containing notches, a stretch of 17 is demonstrated. The extremely high fracture 
energy is attributed to the synergy of two toughening mechanisms: crack bringing by the 
network of covalent crosslinks, and hysteresis by unzipping the network of ionic crosslinks 
over a large region of the gel. Furthermore, the network of covalent crosslinks preserves the 
memory of the initial state, so that much of the large deformation is removed when the load 
is removed.  The unzipped ionic crosslinks cause internal damage, which heals as ionic 
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crosslinks re-zip.  We envision that these hydrogels will serve as model systems to explore 
mechanisms of deformation and energy dissipation, and that hydrogels with enhanced 
mechanical properties will considerably expand the scope of their applications.   
 
2.2 Hydrogels with improved mechanical properties 
Certain synthetic hydrogels have achieved exceptional mechanical behavior.  A hydrogel 
containing slide-ring polymers can be stretched more than 10 times its initial length [26]; a 
tetra-poly (ethylene glycol) gel exhibits strength of ~2.6 MPa [27].  These gels deform 
elastically.  An elastic gel is known to be brittle and notch-sensitive—that is, the high 
stretchability and strength drop markedly when samples contain notches, or any other 
features that cause inhomogeneous deformation [37].  A gel can be made tough and notch-
insensitive by introducing energy-dissipating mechanisms.  For example, fracture energy of 
~1000 J/m2 is achieved with a double-network gel, in which two networks are separately 
crosslinked by covalent bonds, one network having short chains, and the other having long 
chains [16].  When the gel is stretched, the short-chain network ruptures and dissipates 
energy [38].  The rupture of the short-chain network, however, causes permanent damage.  
After the first loading the gel does not recover from the damage; on subsequent loadings the 
fracture energy is much reduced [39].  To enable recoverable energy-dissipating mechanisms, 
several recent works have replaced the sacrificial covalent bonds with noncovalent bonds.  In 
a gel with a copolymer of triblock chains, for example, the end blocks of different chains form 
glassy domains, and the midblocks of different chains form ionic crosslinks [40].  When the 
gel is stretched, the glassy domains remain intact, while the ionic crosslinks break and 
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dissipate energy.  The ionic crosslinks reform during a period of time after the first loading 
[40].  Recoverable energy dissipation can also be effected by hydrophobic associations [35, 
36].  When a gel made with hydrophobic bilayers in a hydrophilic polymer network is 
stretched, the bilayers dissociate and dissipate energy; upon unloading, the bilayers re-
assemble, leading to recovery [35]. The existing works, however, have demonstrated fracture 
energy comparable to, or lower than, that of the double-network gels. 
 
2.3 Extremely stretchable and tough polyacrylamide-alginate hydrogels 
Here we demonstrate extremely stretchable and tough hydrogels by mixing two types of 
crosslinked polymers: ionically crosslinked alginate and covalently crosslinked 
polyacrylamide (Figure 2.1).  An alginate chain consists of  mannuronic acid (M unit) and 
guluronic acid (G unit), arranged in blocks rich in G units, blocks rich in M units, and blocks 
of alternating G and M units. In an aqueous solution, the G blocks on different alginate 
chains form ionic crosslinks through divalent cations (e.g., Ca2+), resulting in a network in 
water—an alginate hydrogel.  By contrast, in a polyacrylamide hydrogel, the polyacrylamide 
chains form a network by covalent crosslinks.   
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Figure 2.1 Schematics of three types of hydrogels. (a) In an alginate gel, the G blocks on 
different polymer chains form ionic crosslinks through Ca2+. (b) In a polyacrylamide gel, the 
polymer chains form covalent crosslinks through MBAA. (c) In an alginate-polyacrylamide 
hybrid gel, the two types of polymer networks are intertwined.  
 
2.4 Experimental procedure 
Powders of alginate (FMC Biopolymer, LF 20/40) and acrylamide (Sigma, A8887) were 
dissolved in deionized water. Unless otherwise stated, the water content was fixed at 86 wt%.  
Ammonium persulfate (AP; Sigma, A9164) was added as a photo initiator for polyacrylamide, 
and N,N-methylenebisacrylamide (MBAA; Sigma, M7279) was added as the crosslinker for 
polyacrylamide. After degassing the solution in a vacuum chamber, N,N,N’,N’-
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tetramethylethylenediamine (TEMED; Sigma, T7024), 0.0025 the weight of acrylamide, was 
added as the crosslinking accelerator for polyacrylamide.  Calcium sulfate slurry 
(CaSO4•2H2O; Sigma, 31221) was added as the ionic crosslinker for alginate.  The solution 
was poured into a glass mold, 75.0 x 150.0 x 3.0 mm3, covered with a 3-mm thick glass plate. 
The gel was cured in one step with ultraviolet light (Hoefer, UVC 500) for 1 hour, with 8 W 
power and 254 nm wavelength at 50 ℃. The gel was then left in a humid box for 1 day to 
stabilize the reactions.  After curing, the gel was taken out of the humid box, and water on 
the surfaces of the gel was removed with N2 gas for 1 minute.  
The gel was glued to two clamps made of polystyrene, resulting in specimens of 75.0 x 
5.0 x 3.0 mm3. All mechanical tests were performed in air, at room temperature, using a 
tensile machine (Instron model 3342) with a 500-N load cell.  In both loading and unloading, 
the rate of stretch was kept constant at 2 per minute.  We stretched an alginate-
polyacrylamide hybrid gel over 20 times its original length without rupture (Figure 2.2 
(a),(b)).  The hybrid gel was also extremely notch-insensitive. When we cut a notch into the 
gel (Figure 2.2(c)) and then pulled the gel to a stretch of 17, the notch was dramatically 
blunted and remained stable (Figure 2.2(d)). At a critical applied stretch, a crack initiated at 
the root of the notch, and ran rapidly through the entire sample.  
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Figure 2.2 The hybrid gel is highly stretchable and notch-insensitive. (a) A strip of the 
undeformed gel was glued to two rigid clamps. (b) The gel was stretched 21 times its initial 
length. The stretch λ  is defined by the distance between the two clamps when the gel is 
deformed divided by the distance when the gel is undeformed. (c) A notch was cut into the 
gel by using a razor blade; a small stretch of 1.15 was used to make the notch clearly visible.  
(d) The gel containing the notch was stretched 17 times its initial length. The alginate-to-
acrylamide ratio was 1:8. The covalent crosslinker, MBAA, was fixed at 0.0006 the weight of 
acrylamide. The ionic crosslinker, CaSO4, was fixed at 0.1328 the weight of alginate. 
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2.5 Mechanical tests of polyacrylamide-alginate hydrogels  
 The extremely stretchable hybrid gels are even more remarkable when compared 
with their parents:  the alginate gel and the polyacrylamide gel (Figure 2.3(a)).  The amounts 
of alginate and acrylamide in the hybrid gels were kept the same as those in the alginate gel 
and polyacrylamide gel, respectively.  When the stretch was small, the elastic modulus of the 
hybrid gel was 29 kPa, which was close to the sum of the elastic modulus of the alginate gel 
(17kPa) and that of the polyacrylamide gel (8kPa).  The stress and the stretch at rupture were, 
respectively, 156 kPa and 23 for the hybrid gel, 3.7 kPa and 1.2 for the alginate gel, and 11 kPa 
and 6.6 for the polyacrylamide gel. That is, the properties at rupture of the hybrid gel far 
exceeded those of either of its parents.   
Hybrid gels dissipate energy effectively, as shown by pronounced hysteresis. The area 
between the loading and unloading curves of a gel gave the energy dissipated per unit 
volume (Figure 2.3(b)). The alginate gel exhibited pronounced hysteresis and retained 
significant permanent deformation after unloading.  In contrast, the polyacrylamide gel 
showed negligible hysteresis, and the sample fully recovered its original length after 
unloading. The hybrid gel also showed pronounced hysteresis, but the permanent 
deformation after unloading was significantly smaller than that of the alginate gel. The 
pronounced hysteresis and relatively small permanent deformation of the hybrid gel were 
further demonstrated by loading several samples to large values of stretch before unloading 
(Figure 2.3(c)).  
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Figure 2.3 Mechanical tests under various conditions.  (a) Stress-stretch curves of the three 
types of gels, each stretched to rupture. The nominal stress s is defined by the force applied 
on the deformed gel divided by the cross-sectional area of the undeformed gel.  (b) The gels 
were each loaded to a stretch of 1.2, just below the value that would rupture the alginate gel, 
and were then unloaded. (c) Samples of the hybrid gel were subject to a cycle of loading and 
unloading of varying maximum stretch. (d) After the first loading and unloading, one sample 
was reloaded immediately, and the other sample was reloaded after 1 day. (e) Recovery of 
samples stored at 80℃ for different durations of time. (f) The work of the second loading 
ndW2  normalized by that of the first loading stW1  was measured for samples stored for 
different periods of time at different temperatures. The alginate-to-acrylamide ratio was 1:8 
for a and b, and was 1:6 for c-f. The covalent crosslinker, MBAA, was fixed at 0.0006 the 
weight of acrylamide for polyacrylamide gel and hybrid gel. The ionic crosslinker, CaSO4, was 
fixed at 0.1328 the weight of alginate for alginate gel and hybrid gel. 
 
After the first loading and unloading, the hybrid gel was much weaker if the second 
loading was applied immediately, and recovered somewhat if the second loading was applied 
1 day later (Figure 2.3(d)).  We loaded a sample of the hybrid gel to a stretch of 7, and then 
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unloaded the gel to zero force.  The sample was then sealed in a polyethylene bag and 
submerged in mineral oil to prevent water from evaporation, and stored in a bath of a fixed 
temperature for a certain period of time.  The sample was taken out of the storage and its 
stress-stretch curve was measured again at room temperature. The internal damage was 
much better healed by storing the gel at an elevated temperature for some time before 
reloading (Figure 2.3(e)). After storing at 80 ℃ for 1 day, the work on reloading was 
recovered to 74 % of that of the first loading (Figure 2.3(f)). 
 
2.6 Effect of polymer ratio on the mechanical behavior 
Gels of various proportions of alginate and acrylamide were prepared to study why 
the hybrids were much more stretchable and stronger than either of their parents.  When the 
proportion of acrylamide was increased, the elastic modulus of the hybrid gel was reduced 
(Figure 2.4(a)). However, the critical stretch at rupture reached the maximum when 
acrylamide was 89 wt.-%.  A similar trend was observed for samples with notches (Figure 
2.4(c)).  The fracture energy reached a maximum value of 8700 J/m2 when acrylamide was 
86 wt.-% (Figure 2.4(d)).  The densities of ionic and covalent crosslinks also strongly affect 
the mechanical behavior of the hybrid gels as well as that of pure alginate gels and pure 
polyacrylamide gels. 
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Figure 2.4 The composition greatly affects the behavior of the hybrid gel.  (a) Stress-strain 
curves of gels of various weight ratios of acrylamide and alginate.  Each test was conducted 
by pulling an unnotched sample to rupture. (b) Elastic moduli were calculated from stress-
strain curves. (c) Notched gels of various acrylamide-to-alginate ratios were pulled to 
rupture to measure the critical stretches. (d) Fracture energy was plotted as a function of the 
acrylamide-to-alginate ratio. The covalent crosslinker, MBAA, was fixed at 0.0006 the 
weight of acrylamide. The ionic crosslinker, CaSO4, was fixed at 0.1328 the weight of alginate. 
(Error bars, S.D.; n=4) 
 
2.7 Energy dissipation mechanism  
On the basis of our experimental findings, we discuss mechanisms of deformation and 
energy dissipation.  When an unnotched hybrid gel is subject to a small stretch, the elastic 
modulus of the hybrid gel is nearly the sum of that of the alginate gel and that of the 
polyacrylamide gel. Thus, in the hybrid gel the alginate and the polyacrylamide chains both 
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bear loads. The load sharing of the two networks may be achieved by entanglements of the 
polymers, and by possible covalent crosslinks formed between the amine groups on 
polyacrylamide chains and the carboxyl groups on alginate chains [21].  As the stretch 
increases, the alginate network unzips progressively [41], while the polyacrylamide network 
remains intact, so that the hybrid gel exhibits pronounced hysteresis and little permanent 
deformation. Since only the ionic crosslinks are broken, and the alginate chains themselves 
remain intact, the ionic crosslinks can reform, leading to the healing of the internal damage. 
The giant fracture energy of the hybrid gel is remarkable, considering that its parents—the 
alginate gel and polyacrylamide gel—have fracture energies in the range of 10-250 J/m2 [21].   
The relatively low fracture energy of a hydrogel of a single network with covalent 
crosslinks is understood in terms of the Lake-Thomas model [28]. When the gel contains a 
notch and is stretched, the deformation is inhomogeneous: the network directly ahead the 
notch is stretched more than elsewhere (Figure 2.5 (a)).  For the notch to turn into a running 
crack, only the chains directly ahead the notch needs to break.  Once a chain breaks, the 
energy stored in the entire chain is dissipated. In the ionically crosslinked alginate, fracture 
proceeds by unzipping ionic crosslinks and pulling out chains [42]. After one pair of G blocks 
unzip, the high stress shifts to the neighboring pair of G blocks and causes them to unzip also 
(Figure 2.5 (b)).  For the notch in the alginate gel to turn into a running crack, only the 
alginate chains crossing the crack plane need to unzip, leaving the network elsewhere intact.  
In both polyacrylamide gel and alginate gel, rupture results from localized damage, leading 
to small fracture energies. 
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Figure 2.5 Synergy between alginate and polyacrylamide. (a) In the polyacrylamide gel, for 
the notch to turn into a running crack, only the polyacrylamide chains crossing the crack 
plane need to break, and chains elsewhere remain intact. (b) In the alginate gel, for the notch 
to turn into a running crack, only the ionic crosslinks for the chains crossing the crack need 
to break, and ionic crosslinks elsewhere remain intact. (c) In the hybrid gel, the 
polyacrylamide chains bridge the crack and stabilize deformation in the background, the 
chemical interactions between the networks transfer the load over a large zone, and the ionic 
crosslinks between alginate chains break and provide inelastic deformation over this large 
zone around the root of the notch.  
  
That a tough material can be made of brittle constituents is reminiscent of 
transformation-toughening ceramics and composites made of ceramic fibers and ceramic 
matrices.  The toughness of the hybrid gel can be understood by adapting a model well 
studied for toughened ceramics [43], as well as for gels of double networks of covalent 
crosslinks [44, 45].  When a notched hybrid gel is stretched, the polyacrylamide network 
bridges the crack and stabilizes deformation, enabling the alginate network to unzip over a 
large region of the gel (Figure 2.5(c)).  The unzipping of the alginate network, in its turn, 
 17 
reduces the stress concentration of the polyacrylamide network ahead the notch.  The model 
highlights the synergy of the two toughening mechanisms:  crack bridging and background 
hysteresis.   
The idea that gels can be toughened by mixing weak and strong bonds has been 
exploited in several ways, including hydrophobic associations [36], particle filled gels [27,33] 
and supramolecular chemistry [35,40].  The fracture energy of the alginate-polyacrylamide 
hybrid gel, however, is much larger than previously reported values of tough synthetic gels 
(100-1000 J/m2) [32,35,38,46], a finding which we attribute to how the alginate network 
unzips. Each alginate chain contains a large number of G blocks, many of which form ionic 
crosslinks with G blocks on other chains when enough Ca++ ions are present [6].  When the 
hybrid gel is stretched, the polyacrylamide network remains intact and stabilizes the 
deformation, while the alginate network unzips progressively, with closely spaced ionic 
crosslinks unzipping at a small stretch, followed by more and more widely spaced ionic 
crosslinks unzipping as the stretch increases. 
 
2.8 Summary 
Our data suggest that the fracture energy of hydrogels can be dramatically enhanced 
by combining weak and strong crosslinks. The combination of relatively high stiffness, high 
toughness and recoverability of stiffness and toughness along with an easy method of 
synthesis, make these materials an ideal candidate for further investigation.  Further 
development is needed to relate macroscopically observed mechanical behavior to 
microscopic parameters.  The diversity of weak and strong molecular integrations makes 
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hybrid gels of various kinds a fertile area of research.  In many applications, such as tissue 
engineering, cell encapsulation, contact lenses and actuators, the use of hydrogels is often 
severely limited by their mechanical properties. For example, the poor mechanical stability 
of hydrogels used for cell encapsulation often leads to unintended cell release and death [47], 
and low toughness limits the durability of contact lenses [5].  Hydrogels of superior stiffness, 
toughness, stretchability and recoverability will improve the performance in these 
applications, and likely open up new areas of application for this class of materials. 
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Chapter 3  
A method to measure fracture toughness of extremely 
stretchable hydrogels 
3.1 Introduction 
Fracture of hydrogels has become an interesting research area in recent years [48-52]. 
Conventional hydrogels are weak, brittle and fracture easily. Along with recent innovations 
in synthetic chemistry, hydrogels with enhanced mechanical properties are developed [16-20, 
31-36]. These hydrogels have high mechanical properties compared to conventional 
hydrogels. 
 
Figure 3.1 (a) Reference state of polyacrylamide-alginate hydrogel with sample length H, 
sample width L and sample thickness B, attached to two rigid clamps. Schematic of the 
reference state is shown at the top and the experimental figure is shown at the bottom. For 
this case, H=5mm, L=75mm, B=3mm and stretch rate=2/min. (b) Current state of the 
polyacrylamide-alginate hydrogel with an extremely large stretch of 21. (c) The 
corresponding stress-stretch curve of the tensile test, the circle denotes the rupture of the 
specimen.  
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We have recently discovered polyacrylamide-alginate hydrogel [21], which is an 
extremely stretchable material, as illustrated in figure 3.1. 
 
Figure 3.2 (a) Reference state of polyacrylamide-alginate hydrogel with a pre crack of length 
A. Schematic of the reference state is shown at the top and the experimental figure is shown 
at the bottom. For this case, H=5mm, L=75mm, B=3mm, A=35mm and stretch rate=2/min.  
(b) Current state with a stretch of 16.4 at the onset of crack propagation. (c) The 
corresponding stress-stretch curve of the fracture test, the circle denotes the onset of crack 
propagation. 
 
However very stretchable materials can be brittle when there is a pre crack and the cut 
can significantly reduce the amount of stretchability. But it is observed that when a pre crack 
is made and deformed, polyacrylamide-alginate hydrogel has a much-blunted crack and the 
stretchability is still very high at the onset of crack propagation as shown in figure 3.2.  
The fracture energy plays an important role in understanding the nature of fracture in 
hydrogels. However the large deformation makes it difficult to apply the techniques 
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developed to measure fracture energy of materials with small deformation. Therefore, 
classical fracture testing methods need to be re-addressed by considering large deformation 
to measure the fracture energies of hydrogels.  
Various fracture-testing methods are available in the literature such as peeling test [22], 
pure shear test [22], trouser test [49], cavitation test [51], scissor cutting [53] and wedge 
cutting [54]. All these methods have their own advantages and disadvantages, but we chose 
“pure shear test” introduced by Rivlin & Thomas because of its simplicity of analysis [22]. 
According to Rivlin and Thomas, the pure shear test is valid only when the sample width and 
crack length are much larger than the sample length. However the huge blunted crack tip of 
polyacrylamide-alginate hydrogel can easily violate the pure shear test criteria. We have 
examined whether the pure shear method still works when the material is extremely 
stretchable and flaw insensitive. The validity of the test was confirmed with two other 
experimental methods (tensile test with various crack lengths and double peeling test) and 
finite element analysis. The geometry and size effects of the sample on fracture energy were 
studied by varying the crack length, sample length and sample thickness. 
3.2 Pure shear test 
Pure shear test is widely used because of its simplicity. When the width of the sample (L) 
and the crack length (A) are much larger than the specimen length (H) and when the sample 
is deformed parallel to H, the specimen can be divided into four regions as shown in figure 
3.3.  
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Figure 3.3 Pure shear tear test piece. Sample length is denoted as L, height as H and crack 
length as A. Test sample is clamped with two rigid clamps. Four regions of the sample are 
identified.   
 
Region I is in undeformed state, region III is in the state of pure shear, and region II is in 
a complicated state of strain due to the crack tip. Further, a slight departure from pure shear 
takes place close to the force-free edge of the region IV. An increase in crack length dA, does 
not change the state of strain in region II but shifts the region along the direction of crack 
allowing region I to grow at the expense of region III which has a uniform strain energy 
density, W(λc) where λ!is the critical stretch for crack propagation. Thus an increase in crack 
length (dA) releases energy (dU) of W(λc).H.B.dA, where H is the sample length between the 
clamps and B is the sample thickness. 
Thus, 
∂U
∂A
"
#
$
%
&
'
h
=W λc( ).H          (3.1) 
The suffix h denotes that the differentiation carried out at a constant displacement.  
An analytical solution to find the fracture toughness of an elastomer, which is in the pure 
shear state, is given as follows [22]. 
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For a sheet of elastomer of thickness B, work done to extend the crack by amount dA, 
 dU = ΓBdA                     (3.2) 
where Γ is the fracture energy of the elastomer. 
When there is no work done by the external forces, change in free energy of deformation of 
sheet becomes, 
∂U
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h
= ΓB           (3.3) 
When λ!  is known, considering equations (1) and (3), the fracture toughness for crack 
initiation (Γ) can be given by, 
Γ =W λc( ).H                       (3.4) 
 
3.3 Experimental 
3.3.1 Sample Preparation 
Alginate (FMC Biopolymer, LF 20/40) and acrylamide (Sigma, A8887) powders were 
dissolved in deionized water. The weight of water over the total weight of water, alginate and 
acrylamide was fixed as 86 % and the weight of acrylamide to alginate was used as 8:1 ratio.  
N,N-methylenebisacrylamide (MBAA; Sigma, M7279), 0.0006 the weight of acrylamide, was 
added as the crosslinker for polyacrylamide.  Ammonium persulfate (AP; Sigma, A9164), 
0.0017 the weight of acrylamide, was added as a photo initiator for polyacrylamide. After 
degassing the solution in a vacuum chamber, N,N,N’,N’-tetramethylethylenediamine 
(TEMED; Sigma, T7024), 0.0025 the weight of acrylamide, was added as the crosslinking 
accelerator for polyacrylamide.  Calcium sulfate slurry (CaSO4•2H2O; Sigma, 31221), 0.1328 
the weight of alginate, was added as the ionic crosslinker for alginate.  The solution was 
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poured into a glass mold, 75.0 x 150.0 x 3.0 mm3, covered with a 3-mm thick glass plate. The 
gel was cured in one step, with ultraviolet light (Hoefer, UVC 500) for 1 hour, with 8 W 
power and 254 nm wavelength. The gel was then left in a humid box over night to complete 
the reaction. 
 
3.3.2 Fracture test 
In order to obtain the fracture toughness, two specimens, one for tensile test and the 
other for fracture test, were prepared with same dimensions, sample length (H) of 75mm, 
sample width (L) of 5mm and thickness (B) of 3mm a shown in figure 3.4.  
 
Figure 3.4 The stress-stretch curves for tensile test (red) and fracture test (blue). The 
fracture sample has A/L=0.47 initial notch. The circle in the blue curve represents onset 
crack propagation with stretch λc and the circle in the red curve shows the rupture of the 
sample. The energy release per unit volume (W) is calculated by integrating the area under 
the tensile test graph up to the critical stretch (λc). 
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The tests were performed on a tensile test machine (Instron model 3342) with 500 N 
capacity load cell with a constant stretch rate (2/min) and the nominal stress and stretch 
were recorded until the failure. Fracture test was performed with the notched specimen to 
obtain the onset critical stretch for crack propagation (λc). From the tensile test, which was 
performed with an un-notched specimen, the strain energy density W(λc) was calculated by 
integrating the area under the stress-stretch curve, corresponding to the onset crack 
propagating stretch λc and the fracture toughness was obtained using equation (3.4). 
3.4 Results and Discussion 
3.4.1 Verification of pure shear test with other methods 
 By integrating the area under the stress-stretch curve of the tensile test in figure 3.4 
with critical stretch λ!, the critical energy density W(λ!) is obtained as 1470 kJ/m3 and using 
equation (3.4), the obtained fracture toughness is calculated as 7350 J/m2. Because of the 
large magnitude of the fracture energy and the pronounced blunting, we verified the 
toughness measuring method with two other methods, tensile test with various crack lengths 
and double peeling test [22]. Although the crack propagation was occurred at a huge stretch, 
the toughness obtained from our experiment matched very well with the other methods.  
 
Verifying with tensile test with various crack lengths 
 This is an experimental method to obtain fracture energy with samples with different 
crack lengths.  [22]. This method is used to verify that the pure shear test method works for 
extremely stretchable materials. Samples with dimensions H=5mm, L=75mm and thickness 
B=3mm were prepared with various crack lengths, A. The configuration of the test is similar 
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to figure 3.2. Force-extension curves were obtained until the onset of crack propagation for 
various crack lengths A as indicated figure 3.5(a).  
 
Figure 3.5 Verification of the pure shear test method for extremely stretchy materials with 
tensile test with various crack lengths. (a) Force-extension curves for various crack lengths 
(A) are plotted, the circles in each curve corresponds to the onset of crack propagation. (b) 
The work done in deforming a test piece with various crack lengths was obtained from the 
area under the force-extension curve with the selected h values.  
 
h is the change in distance between the clamps. The total energy U stored in the test piece at 
deformation h is obtained by measuring the area under the force-extension curve and U is 
plotted with the crack lengths, A as shown in figure 3.5(b). A suitable h value is selected in a 
way that it corresponds to h of at least one fractured sample. !!!! !is calculated from the 
slope of the total energy vs crack length curve. Thus the fracture energy is given by,   
 Γ = − 1B
∂U
∂A
$
%
&
'
(
)
h
  (3.5) 
Using this method the obtained fracture energy was 7155± 400J /m2 which is comparable 
with the pure shear test results. 
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Verifying with double peeling test  
 In order to verify the pure shear test for extremely stretchy materials, we also used 
the double peeling test [22]. Samples with dimensions D=15mm, L=80mm and thickness 
B=3mm were prepared with various crack lengths, A as shown in the schematic view in 
figure 3.6(a). The experimental figures are shown in figure 3.6(b).  
 
Figure 3.6 Verification of the pure shear test method for extremely stretchy materials with 
double peeling test method. (a) Schematic figures of the reference state with dimensions 
D=15mm, L=80mm, B=3mm and current state after deformation are shown. (b) 
Experimental figures of the double peeling test are shown. PI (Polyimide) strips are attached 
to the two ends of the specimen to control the deformation in the arms. (c) Force-extension 
curves for various crack lengths (A) are plotted. (d) The work done in deforming a test piece 
with various crack lengths were obtained from the area under the load-extension curve with 
selected h values. 
 Force-extension curves are obtained until the onset of crack propagation for various 
crack lengths A as indicated figure 3.6(c). The total energy U stored in the test piece at 
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deformation h is obtained by measuring the area under the force-extension curve and U is 
plotted with the crack lengths A as shown in figure 3.6(d). A suitable h is selected as 150mm 
and ∂U
∂A
"
#
$
%
&
'
h
is calculated from the slope of the total energy vs crack length curve. Fracture 
energy obtained according to equation (3.5) is 7981±803J /m2 which is comparable with the 
pure shear test results. 
 
Verifying with finite element analysis  
  
 
Figure 3.7 (a) Reference state and current state of the finite element model, sample is 
deformed along direction 2. (b) Comparison of true stress vs stretch curves using Neo-
Hookean material model with the experimental results. A shear modulus of µ=7kPa is 
selected to fit the Neo-Hookean model with the maximum stress level obtained from 
experimental curve. 
 
 To verify the pure shear test for stretchable materials, we used finite element analysis 
with Neo-Hookean material model. Using the Neo-Hookean material model the energy 
density function is, 
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 ! = µ! (λ!! + λ!! + λ!! − 3)  (3.6) 
Where λ1, λ2 and λ3 are the stretches in all three directions as shown in figure 3.7(a), direction 
2 is the stretching direction, 1 is perpendicular to stretching direction and 3 is into the plane. 
µ is the small deformation shear modulus. 
For the pure shear test method λ! = 1! and considering λ! = ! , and using the 
incompressibility condition,  
The stress in direction 2 becomes, 
 !! = ! = !(!! − !!!)  (3.7) 
True stresses in stretching direction are compared for both analytical results using Neo-
Hookean material model and experimental data in figure 3.7(b). Shear modulus of, ! = 7!"# 
is used to fit with the upper stress level of the experimental curve. It is observed that Neo-
Hookean material model is not the best material model to fit the experimental stress-stretch 
curve of polyacrylamide-alginate hydrogel but what we are interested is the generic features 
independent of the material model. 
Using the commercial finite element analysis ABAQUS, we have established a 2D model with 
a pre-crack A/L=0.5. Reference state of the finite element model is shown in figure 3.8(a), 
and only half of the geometry was considered due to its symmetry. Plane stress, 2 
dimensional quadrilateral elements were used for the analysis. At the stretch of 15 the 
deformed configuration can be observed with a highly blunted crack as shown in figure 3.8(a) 
current state.  
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Figure 3.8 (a) Contour plot for true stress in direction 2 (σ22) using FEM and this analysis 
corresponds to a stretch of 15 in direction 2 (b) σ22 is plotted with the distance from the crack 
tip, X, both FEM results and analytical results are compared. (c) σ11 is plotted with the 
distance from the crack tip, both FEM results and analytical results are compared. (d) FEM 
and analytical results for normalized energy release rate (with shear modulus, µ and sample 
length, H) vs stretch. 
 
 The true stresses are plotted along direction 1 from the crack tip in figure 3.8(b, c). 
Figure 3.8(b) shows the true stresses in direction 2 as a function of the length X measured 
from the crack tip. It is observed that only a very small region near the crack tip (X/L < 0.05) 
shows stress concentration due to the crack and the rest of the sample is under a uniform 
stress. The stresses obtained from finite element method is compared with analytical 
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solution using equation (3.7), with λ=15, so that !σ2/µ~225. Figure 3.8(c) shows true stresses 
in direction 1 and the result of the finite element method are compared with analytical 
solution by taking !! ! = (1 − !!!), with λ=15, so that !! !~1. It is observed that stresses in 
direction 1 are much less compared to the stresses in direction 2. That means when the 
sample is highly deformed, only a negligible amount of stresses are relaxed in direction 1. 
Both figures 3.8(b) and (c) give the regions where there is a uniform energy density and a 
region where the pure shear method should work. It also suggests that when length X is very 
small and very large the method cannot predict reasonable results. Figure 3.8(d) shows 
energy release rate (G) as a function of applied stretch (λ). In the finite element analysis, 
energy release rate (G) was calculated by using the J integral method considering contour 
integrals. Calculated energy release rate is compared with analytic solutions, for the pure 
shear test method,  λ! = 1 and energy release rate becomes ! = ! = ! ∙ !. By taking λ! = λ, 
 !!! = !! !! + !!! − 2   (3.8) 
 
 
3.4.2 Geometry and size effect 
In order to check whether the measured toughness of polyacrylamide-alginate hydrogel, 
which is very tough, is independent of the specimen size, we have varied all the sizes of the 
sample including crack length (A), sample length (H) and sample thickness (B) normalized 
with sample width (L) and compared the toughness value.     
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Crack length effect  
 To check the crack length effect, samples were prepared for both tensile and fracture 
test as shown in figures 3.1 and 3.2 with the same dimensions but with various crack lengths. 
Stress- stretch curves were obtained for both tensile test (black) and fracture tests as shown 
in figure 3.9(a).  
 
Figure 3.9 Effect of pre crack length on toughness value. (a) Stress- stretch curves for various 
crack lengths; the circles denote the onset of crack propagation. Stress- stretch curve for 
tensile test without a pre crack is shown in black color. (b) Critical stretch of the sample with 
various crack lengths normalized with sample width. Both experimental and the FEM results 
obtained from figure 9(d) are compared (c) Fracture toughness of the sample as a function of 
pre-crack length. (d) Normalized energy release rate as a function of stretch, pre-crack sizes 
are varied. Dotted line denotes average toughness measured by experiments. 
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 From the fracture tests critical stretches were recorded when the samples fracture 
and shown in figure 3.9(b) with a black color curve. The critical stretches do not vary much 
by varying crack lengths in the range of A/L<0.8. However, the critical stretch decreased to 
less than half of its value when the ligament length reaches less than 10% of the whole 
sample width. By using equation (3.4), fracture toughness is calculated and plotted in figure 
3.9(c) as a function of crack lengths. Because critical stretches are almost same in the region 
of A/L<0.8, we obtained a consistent fracture toughness within that range. Figure 3.9(d) 
shows the normalized energy release rate obtained using finite element analysis with J 
integral method with increasing stretch for different crack lengths. Average fracture 
toughness obtained from figure 3.9(c) is also plotted as a dotted line by normalizing with 
shear modulus µ=15.03kPa and sample length H=5mm. Critical stretch can be calculated 
from figure 3.9(d) by using G=Γ, and is plotted in figure 3.9(b) with red dots for comparison. 
From the experiments, the fracture toughness kept consistent in the range of A/L<0.8 and 
decreased when the ligament length reached less than 10% of the whole sample width. This 
means when the crack size is larger than 90% of the whole sample width, pure shear method 
may break down. By contrast, the region specified by finite element analysis where the pure 
shear method breaks down is much smaller than the experimental results. This is because 
our material model, which is Neo-Hookean is not the exact material model which can 
capture the behavior of this specific hydrogel.  
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Sample length effect  
 According to Rivlin and Thomas, the pure shear test is valid only when the sample 
width and crack length are much larger than the sample length. Thus, we also need to check 
the sample length effect to measure the accurate fracture toughness values. Samples were 
prepared for both tensile and fracture tests as shown in figures 3.1 and 3.2 with various 
sample lengths. Stress-stretch curves were obtained with different initial sample lengths as 
shown in figure 3.10(a).  
 
Figure 3.10 Effect of sample length on toughness value. (a) Stress- stretch curves for various 
sample lengths. (b) Critical stretch of the sample with sample lengths. The experimental 
values are compared with FEM and analytical results (c) Fracture toughness of the sample as 
a function of sample length measured according to pure shear test method. (d) Normalized 
energy release rate calculated using J integral method with various sample lengths. Dotted 
line denotes average toughness measured experimentally. 
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 From the fracture tests, critical stretches were recorded and plotted in figure 3.10(b) 
with a black color curve. The critical stretch was decreased by increasing the sample length. 
This phenomenon is understood as follows. When the crack is propagating, if the sample 
stores same energy density, longer samples may release more energy. So the only way to 
release same amount of energy is by limiting the critical stretch to decrease the stored energy 
density. Fracture toughness is calculated with the sample lengths according to the pure shear 
test method and plotted as a function of sample length in figure 3.10(c). One remarkable 
point is that we obtained consistent fracture toughness even with decreasing critical 
stretches, and it agrees well with the concept of fracture toughness. Figure 3.10(d) shows the 
energy release rate obtained using FEM with J integral method. Average fracture toughness 
value obtained from figure 3.10(c) is plotted by normalizing with shear modulus µ=15.03kPa 
and sample length H=5mm. Critical stretch can be calculated from figure 3.10(d) by using 
G=Γ, and is plotted in figure 3.10(b) with red dots for comparison along with the analytical 
results given in a blue curve. 
 
Sample thickness effect  
The pure shear test assumes the test sample is very thin, and the membrane is treated as a 
plane stress 2D model. To check the sample thickness effect, samples with various 
thicknesses are prepared, and stress-stretch relationships are measured as shown figure 
3.11(a).  
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Figure 3.11 Effect of sample thickness on toughness value. (a) Stress- stretch curves for 
various thicknesses. (b) Critical stretch of the sample with various thicknesses. FEM results 
are obtained from figure 11(d) with an average toughness. (c) Fracture toughness as a 
function of sample thickness. (d) Normalized energy release with various sample thicknesses. 
Dotted line denotes average toughness measured by experiments. 
 
 From the fracture tests, critical stretches are plotted in figure 3.11(b) with a black 
curve, and by combining stress-stretch relationship and critical stretch, fracture toughness is 
calculated as a function of the sample thickness and plotted in figure 3.11(c). Both critical 
stretch and fracture toughness are not influenced by the sample thickness. The energy 
release rate obtained from FEM, shown in Figure 3.11(d), also supports the experimental 
results. Therefore, in the range of B/L<0.07, sample thickness do not influence the fracture 
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toughness value. 
 
3.5 Summary 
According to Rivlin and Thomas, the pure shear test to measure fracture energy is valid 
only when the sample width and crack length are much larger than the sample length. 
However, when the test materials are extremely stretchy, sample geometry can easily violate 
the pure shear test criteria. Under this condition we have verified that the fracture energy 
obtained from pure shear test is comparable with two other experimental methods along 
with FEM results. We conclude that the pure shear method is still valid to measure fracture 
energy of extremely stretchy materials. The geometry and size effects of the sample on 
fracture energy were studied by varying the crack length, sample length and sample 
thickness and available working ranges of pure shear test method were addressed. 
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Chapter 4  
Fiber reinforced tough hydrogels 
 
4.1 Introduction 
Many applications of hydrogels rely on the combined attributes of a solid that provides 
strength and a liquid that transports matter. Most existing hydrogels, however, are brittle, 
with fracture energies on the order of 10 J/m2 [4,15]. This limits their use in structural 
applications where they are subjected to mechanical loading. This problem could be 
circumvented by reinforcing the hydrogels with fibers to improve their mechanical behavior 
[3]. This effort is hampered, however, by the low toughness of hydrogels: as the composite is 
loaded, the fibers cut through the hydrogel matrix, destroying the synergy between fibers 
and matrix, and leading to rapid failure of the composite. A hydrogel-based composite is only 
effective if the hydrogel matrix is tough enough to resist the fibers cutting through the matrix. 
Cartilage is one example of such a composite taken from nature: cartilage consists of a 
collagen fiber-reinforced proteoglycan gel. It contains more than 70% water, but is 
remarkably stiff and tough [55,4]. It comes as no surprise, then, that hydrogel-based 
composites are being actively explored for use as synthetic tissues and in biocompatible 
products [16-18,57-61].  
Many attempts have been made to improve the toughness of hydrogels [16-19, 60]. 
Double-network hydrogels were the first class of hydrogels to exhibit significant fracture 
toughness, with fracture energies in the range of 100-1000 Jm-2 [16]. Recently, we developed 
a new group of hybrid hydrogels synthesized from polymers that form networks with 
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covalent and ionic cross-links, and that have an extraordinary combination of toughness and 
stretchability [21]. These hybrid gels consist of a covalently cross-linked polyacrylamide 
(PAAm) network and an ionically cross-linked alginate network, and can attain fracture 
energies as large as 9000 Jm-2. The need for a tough composite matrix is illustrated 
graphically in Figure 4.1, where we use a metal wire to cut through two different types of 
hydrogels, a standard technique for measuring the fracture toughness of foods and soft gels 
[62,63].  
 
 
Figure 4.1 Wire cutting tests for a brittle (a, b) and a tough hydrogel (c, d). (a) Alginate 
hydrogel being cut by a steel wire. (b) The cut sample is turned 900 and the two pieces are 
separated to show the cut. (c) Alginate-Polyacrylamide hybrid hydrogel deforms, but resists 
cutting. (d) The sample recovers its original shape when the wire is removed.  
 
Two examples are shown: (1) a brittle alginate gel and (2) a tough alginate-
polyacrylamide hybrid hydrogel. The difference between the gels is obvious. The alginate gel 
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is readily cut by the wire; the hybrid gel deforms elastically, but resists being cut. Thus an 
alginate matrix would result in a composite with poor mechanical properties. The hybrid gel, 
on the other hand, would make a very good matrix in a fiber-reinforced composite. Such a 
composite would have significantly better stiffness and strength than the hybrid hydrogel, 
and could be used in structural applications. Lin et al [60] have investigated the toughening 
mechanism of alginate-polyacrylamide hydrogels reinforced by a stretchy fiber mesh 
fabricated from thermoplastic polymers. When a notched sample of such a composite is 
deformed, the hydrogel matrix maintains the integrity of the sample, while fracture of the 
fibers in the bridging zone dissipates mechanical energy. 
In this study we investigate the mechanical behavior of composites that consist of a 
tough alginate-polyacrylamide hydrogel matrix reinforced with a random network of stiff 
fibers, for which we conveniently use stainless steel wool. Steel wool fibers are strong and 
can easily create a random continuous fiber network – they have been used for this purpose 
in a number of applications [64,65]. We evaluate the stress-strain curves of the fiber-
reinforced gels and evaluate the mechanism by which they fail. 
 
4.2 Experimental  
4.2.1 Synthesis of fiber reinforced hydrogels 
Powders of alginate (FMC Biopolymer, LF 20/40) and acrylamide (Sigma, A8887) were 
dissolved in deionized water. After the powders were fully dissolved, the solution was held at 
350C for 1 hour. Weights of alginate and acrylamide were fixed at 1:6, and the water content 
was fixed at 86 wt.%. Ammonium persulfate (AP; Sigma, A9164), 0.0017 times the weight of 
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acrylamide, was added as a photo initiator for the acrylamide polymerization process. N,N-
methylenebisacrylamide (MBAA; Sigma, M7279), 0.0006 times the weight of the acrylamide, 
was added as the cross-linker for the acrylamide. N,N,N’,N’-tetramethylethylenediamine 
(TEMED; Sigma, T7024), 0.0025 times the weight of acrylamide, was added as the cross-
linking accelerator for the polyacrylamide. Calcium sulfate slurry (CaSO4•2H2O; Sigma, 
31221), 0.1328 times the weight of alginate, was added as the ionic cross-linker for alginate. 
Stainless steel wool (Type 316, fine, McMaster-Carr 7364T74) with an average cross-
sectional area of the fibers of ~ 80µm × 70µm was chosen to provide the reinforcing fibers. 
The fibers in this type of steel wool are arbitrarily oriented and have lengths that exceed the 
sample dimensions. After the wool was distributed evenly inside dumbbell-shaped molds, 
the gel solution was poured into the molds and covered with a glass plate. Before casting the 
gel solution, the steel wool was thoroughly wetted with the solution to reduce the formation 
of bubbles inside the samples. The composite samples were then cured at room temperature 
by exposing them for eight minutes to ultraviolet light with a wavelength of 350 nm (OAI LS 
30 UV flood exposure system, 1.92W/cm2 power density). The samples were kept in a sealed 
container at room temperature for one day to ensure complete reaction. The weight fraction 
of steel wool in the composite hybrid gels was varied from 0 to 12 wt%.  
4.2.2 Wire cutting test 
Hydrogel samples with a diameter of 35mm and a thickness of 17mm were fabricated 
from an unreinforced alginate-polyacrylamide hybrid hydrogel and an alginate hydrogel 
(Figure 4.1). Wire cutting tests were performed in air, at room temperature, using a tensile 
tester (Instron model 3342) with a 1000 N load cell. A 580 µm diameter steel wire was 
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pulled through the specimen at a displacement rate 10 mm/min.  
4.2.3 Tensile test 
 
Figure 4.2 Tensile tests of hydrogel composites. (a) Schematic of the tensile test samples of 
the fiber-reinforced hydrogels. Steel fibers form a random network throughout the entire 
sample. (b) Force-displacement curves for a fiber-reinforced hybrid hydrogel and a fiber-
reinforced alginate hydrogel, compared with similar curves for steel wool and unreinforced 
hydrogels. (c) Force-displacement curve of hybrid hydrogel composite is predicted from 
hydrogel and steel wool at small displacements and compared with the experimental 
composite curve. 
Tensile experiments were performed using the dumbbell-shaped samples. The gauge 
sections of the samples were 35mm long, 15mm wide, and 3mm thick (figure 4.2(a)). 
The wide sections of the samples were glued between two acrylic plates of dimensions 
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10 × 20 × 3mm3 using super glue (VWR, 500031-578) and the acrylic plate/gel sandwiches 
were inserted into the grips of the tensile tester. Measurements were performed at room 
temperature in air using a 1000 N load cell. The force-displacement curves were measured at 
a displacement rate of 10mm/min. Tests were performed until rupture of the samples. The 
force-extension curve for steel wool was measured by performing measurements on the same 
amount of steel wool, randomly distributed in the same volume as the composite samples. 
Five experiments were performed per condition.  
 
4.2.4 Fiber pullout test 
The friction between the hydrogel matrix and the stainless steel fibers was measured 
using a fiber pullout test. A long fiber was embedded inside an alginate-polyacrylamide 
hydrogel during synthesis of the gel, such that a significant length of the fiber extended 
outside the gel on both sides of the sample. The samples had a height of 75mm, width of 
15mm, and thickness of 3 mm. Fiber dimensions were measured at three locations along the 
length of each fiber by means of optical microscopy. The samples were mounted in the 
tensile tester and one end of the fiber was attached to the grip of the tensile tester. Pullout 
tests were performed in air, at room temperature, using a 1000 N load cell. Force-
displacement curves were measured at a displacement rate of 10 mm/min. Tests were 
performed on five different samples. 
4.3 Results and discussion 
4.3.1 Force-displacement curves of hydrogel composites 
Figure 4.2(b) shows the force-displacement curves for two different composites, a fiber-
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reinforced alginate-polyacrylamide hybrid gel and a fiber-reinforced alginate gel, along with 
the force-displacement curves of the various components that make up the composites. Both 
composites have the same weight fraction of stainless steel fibers. The pure alginate hydrogel 
is very weak and can sustain very small loads and displacements only. The pure hybrid 
hydrogel, in contrast, is very stretchable and can sustain much higher forces, but is quite 
compliant. The steel wool sample has poor mechanical properties and the sample essentially 
disintegrates during the test. The force-displacement curve of the alginate composite is not 
much different from that of the steel wool. Since the alginate is too weak to keep the fibers 
together, its behavior is almost completely controlled by the steel wool. The effect of fibers 
on the hybrid hydrogel, on the other hand, is substantial: it is much stronger and stiffer than 
the unreinforced hybrid gel, and it is significantly stronger than the reinforced alginate. 
Additionally, the force-displacement curve has a very different shape from both the steel 
wool and the hybrid gel; the force rises quickly, goes through a maximum, and then plateaus. 
To predict the force-displacement curve of the hydrogel composite at small displacements, 
the curves for steel wool and hydrogel are vertically added and plotted in figure 4.2(c). 
Evidently, the experimental curve does not follow the rule of mixtures based on the behavior 
of the constituents. This is understood as follows. The fibers in the steel wool are held 
together by entanglement only; they are not bonded in any way. During tensile testing, the 
fibers slide with respect to one another. Consequently, the tensile behavior is not 
representative of the mechanical behavior of the fibers; instead it is a measure for the 
frictional resistance encountered during fiber disentanglement. In contrast, the behavior of 
the fibers in the hydrogel is very different: the hydrogel matrix keeps the fibers in place and 
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makes disentanglement very difficult. Disentanglement only occurs during the second stage 
after the fibers debond from the matrix. In other words, there is a strong synergistic effect 
when fibers and hydrogel are combined. 
 
4.3.2 Fibers cutting through the matrix 
 
 
Figure 4.3 Failure mechanism of a brittle and weak alginate hydrogel composite. (a) Force-
displacement curve of an alginate hydrogel composite. (b) Schematic of the molecular 
structure of alginate hydrogel. (c) Photos at two stages during the tensile test. At small 
deformations (point X), the fibers are bonded to the matrix. After reaching a maximum force, 
the composite starts to fail by fibers cutting through the matrix (point Y). 
 
Figure 4.3 shows the deformation of the reinforced alginate gel during the tensile test in 
more detail. The figure also shows a schematic of the molecular structure of the alginate 
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chains with the Ca2+ crosslinks. As the load on the sample rises, the composite remains intact 
initially. When the load reaches a maximum, which is comparable to the maximum load 
supported by just the steel wool, the fibers start to disentangle, cutting through the alginate 
matrix in the process. This process continues with increased deformation until the fibers 
have completely shredded the matrix at the point of failure.  
 
4.3.3 Fibers pulling out of matrix 
The tensile response of the fiber-reinforced alginate-polyacrylamide hydrogel is 
illustrated in detail in Figure 4.4. The figure also shows a schematic of the molecular 
structure of the alginate-polyacrylamide hydrogel, with MBAA crosslinks in the 
polyacrylamide network and Ca2+ crosslinks in the alginate network. Initially, the fibers and 
matrix deform in concert. With continued deformation, the fibers rotate toward the loading 
direction and the load rises quickly to a value that is much larger than that predicted by the 
rule of mixtures applied to matrix and steel wool. At this point, the interface between fibers 
and matrix starts to debond and the load decreases until it reaches a plateau value 
characterized by continuous fiber sliding and pull out. During the fiber sliding stage, the 
matrix undergoes extensive deformation, but remains intact; there is no cutting by the fibers. 
Eventually the fiber network is ripped apart causing abrupt failure of the sample.  
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Figure 4.4 Failure mechanism of a tough hybrid hydrogel composite. (a) Force-displacement 
curve of an alginate-polyacrylamide hydrogel composite. (b) Schematic of the molecular 
structure of alginate-polyacrylamide hydrogel. (c) Photos at two stages during the tensile test. 
At small displacements (point X), the fibers are bonded to the matrix. Fiber debonding is 
observed near the peak force. At larger displacements (point Y), the fibers slide through the 
matrix.   
 
 
4.3.4 Frictional sliding of steel fiber through tough hydrogel matrix 
Because frictional sliding is an important aspect of the failure mechanism, single-fiber 
pullout tests were performed to investigate the interfacial properties (Figure 4.5(a)). Figure 
4.5(b) shows a typical force-displacement curve for a fiber pullout experiment.  
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Figure 4.5 Single fiber pull out test. (a) Schematic of the single fiber pullout test sample; (b) 
Force required to pull the fiber is recorded as a function of fiber extension. 
 
The curves go through a maximum, which coincides with the failure of the interface 
between fiber and matrix. After debonding, the fiber pulls out of the matrix at a constant 
frictional force of approximately 0.155 ± 0.052 N. In the experiments, the peak load was 
difficult to reproduce, but the magnitude of the plateau force was very consistent. The 
average friction stress between fiber and matrix was calculated by dividing the frictional 
force by the total interfacial area between fiber and matrix, yielding a value of approximately 
5kPa. This result was used to estimate the energy dissipated by frictional sliding of the fibers. 
The total fiber length (6.78 m) was calculated from the mass of the fibers embedded in a 
typical sample (0.3 g), the density of steel (7.8 g/cm3), and the average cross-sectional area 
(80 µmx 70 µm) of the fibers. An upper bound for the energy dissipated in friction during the 
tensile test, can be found by multiplying the frictional force with the total fiber length, 
yielding a value of approximately 1.06 ±0.35 J. The total energy dissipated during the tensile 
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test can be calculated from the force-displacement curve in figure 4.2(b), resulting in a value 
of 1.02 J. Part of this energy is dissipated in the deformation of the hydrogel matrix and this 
part can be estimated from the force-displacement curve of the hydrogel to yield 0.30 J. 
Thus the energy dissipated by fiber sliding is approximately 0.72 J, which compares 
favorably with the upper bound – approximately 70% of the total energy dissipation during 
the tensile test is associated with frictional losses. 
 
4.3.5 Effect of fiber concentration on modulus and tensile strength 
 
 
Figure 4.6 Effect of fiber concentration. (a) Stress-stretch curves of hybrid gels with various 
fiber concentrations; (b) Modulus of hybrid gels with various fiber concentrations; (c) 
Tensile strength of hybrid gels with various fiber concentrations.  
 
 
Figures 4.6(a) through (c) illustrate the effect of the volume fraction of the steel wool on 
the mechanical response of the composites. The nominal stress was obtained by dividing the 
force by the initial cross-sectional area of the sample; stretch was calculated by dividing the 
length of the deformed sample by its initial value. The tensile strength was defined as the 
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maximum nominal stress supported by the composites. The elastic modulus was calculated 
from the slope of the stress-strain curves up t0 5% strain. The fiber concentration was varied 
from 0 to 11.4 wt%. Without fiber reinforcement, the hybrid gel has a very large stretch to 
failure, but low stiffness and strength. Introducing the fibers reduces the stretchability of the 
gel, but increases the modulus and strength significantly. Evidently the weight fraction of the 
steel wool has a large effect on the stress-stretch curves: At low weight fraction, the response 
of the composite is dominated by the hydrogel and the stress-stretch curve is similar to that 
of a pure hydrogel. As the weight fraction is increased, the shape of the curve is altered and it 
develops a distinct peak followed by a plateau, associated with fiber debonding and sliding, 
respectively. At even higher weight fractions, the steel wool completely dominates the 
response, the plateau disappears, and the stress-stretch curve becomes similar to that of steel 
wool. 
Synthesis of fiber-reinforced composites involves a large number of variables, including 
the type of fibers, the arrangement of the fibers, and the behavior of the fiber/matrix 
interface. As a result of this diversity, composites with very distinct attributes can be 
fabricated using the same matrix material. For example, recently Lin et al [60] reinforced the 
same hydrogel with highly aligned fibers of a stretchy thermoplastic polymer. A comparison 
between their composites and ours is interesting. Our composites have a stress-strain 
behavior where the stress first peaks and then drops to a plateau of constant stress. The 
plateau makes it possible to tailor the stress at which energy dissipation occurs. This 
behavior is distinctly different from the behavior reported by Lin et al, where no plateau was 
observed. In our composites, fiber sliding is an important aspect of the failure mechanism 
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and frictional losses represent a significant fraction of the energy dissipated during failure. 
In the composites described by Lin et al., energy is dissipated mainly as a result of fiber 
fracture. Our composites can sustain much higher stresses than predicted based on the rule 
of mixtures for the individual components: there is a strong synergistic effect between the 
steel wool and the matrix material. The stress-strain curves of the composites reported by 
Lin et al, in contrast, follow the rule of mixtures.  
 
4.4 Discussion 
Our results suggest that fiber-reinforced tough hydrogels may be useful in applications 
that require toughness, strength and stiffness – examples include materials for energy 
absorption, materials for tendon repair surgery, flexible electronics and sensors. The distinct 
stress-stretch behavior of our composites are ideal to use as energy absorbing materials, for 
instance, to soften the effect of an impact on a helmet [66]. Although the total energy 
dissipated by the composite is similar to the energy absorbed by the tough hydrogel when 
stretched to rupture, the level of stress during the deformation can be tailored by changing 
the fiber concentration, a distinct advantage over the unreinforced hydrogel. When designing 
an energy absorbing material for helmets, the material should absorb as much energy as 
possible, while limiting the maximum stress to the head to approximately 0.9 MPa to 
prevent injury [66, 67]. The hydrogel composites have high energy absorption and a plateau 
stress that can be tailored to not exceed the maximum allowable value. For example, a 5 wt% 
composite has an energy absorption of approximately 0.6 MJ/m3 and a plateau stress of 
0.3 MPa; an 8 wt% composite has an energy absorption of 0.9 MJ/m3 and a plateau stress of 
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0.4 MPa. These values compare favorably with commonly used energy absorbing materials 
such as expanded polystyrene, which has an energy absorption of 0.8 MJ/m3 and a 
maximum stress in the range of 0.7-0.9 MPa [67]. 
Another possible application of hydrogel composites would be in tendon repair surgery, 
where reinforcing patches are used to help torn tendons heal. Current reinforcing patches 
are made from materials including porcine dermis, porcine intestine submucosa, or porous 
polyurethaneurea (Artelon®). Current tendon repair patches have an initial stiffness 
comparable to our composites and a higher stiffness at large strains. Despite advances in 
surgical techniques, the structural failure rate of these patches can be very high. Failure has 
been attributed mainly to sutures cutting through the reinforcing patches [68], which should 
not be an issue for the tough hydrogel. A fiber-reinforced tough hydrogel may serve as a 
potential reinforcement patch for suturing, although different biocompatible reinforcing 
fibers would need to be used.  
Finally, one can also envision applications where electronics and living tissue are 
coupled using flexible and stretchable devices [69-72], an area that has gained much interest 
recently. These devices are used to probe the electrical activity near the surfaces of the heart, 
brain, or skin. Recent work includes embedding a 3D network of silicon nanowires with 
electronic circuitry into a soft gel matrix [73]. By integrating electrical sensors within the 3D 
scaffolds, cellular activities and physicochemical changes can be monitored. One can 
envision a similar approach to probe cells in a beating heart or to instill a sense of touch in a 
soft robotic hand. When electronics and biological tissues are coupled with flexible and 
stretchable devices, these devices need to be matched to the mechanical properties of the 
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biological tissues. The hydrogel composites have stiffness values up to 10 MPa. By 
comparison, cartilage has a stiffness in the range of 6-15 MPa, while skin has a stiffness of 1-
3 MPa [74]. The properties of the hydrogel composite can be optimized to the specific 
application by selecting the appropriate fiber material, orientation distribution, and volume 
fraction. 
4.5 Summary 
We have used brittle and tough hydrogel matrices to prepare random fiber-reinforced 
composites. Composites that have a brittle matrix such as an alginate hydrogel fail by fibers 
cutting through the matrix. Composites based on tough alginate-polyacrylamide hybrid 
hydrogels, on the other hand, fail by debonding and sliding of the fibers, dissipating a 
significant amount of energy in the process. They can carry significantly more load than 
either matrix or the random fiber network. The combination of high strength, stiffness, and 
toughness, and the ability of sustaining large strains, along with easy method of synthesis, 
makes fiber-reinforced tough hydrogel composites good candidates for a range of 
applications. 
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Chapter 5  
Fire-retarding tough hydrogel-fabric laminates 
 
5.1 Introduction 
Millions of people suffer burn injuries all over the world, including many children. The 
American Burn Association reports that approximately 3400 individuals die and around 
450,000 people receive medical treatment for burn injuries each year in the United States 
alone [75]. Among these incidents around 72% of burn injuries occur at home [75].  Tight 
spaces such as high-rise buildings, boats, or airplanes pose particularly significant fire risk 
[76]. Firefighters wearing the best fire-retarding materials have only a few seconds to 
evacuate from a flashover fire, which can reach temperatures as high as 6000C [77]. The 
availability of affordable and effective fire-retarding apparel or protective gears such as fire 
blankets have the potential to save many lives.  
Significant advances have been made in recent decades in developing fire-retarding 
fabrics [78]. Fire-retarding fabrics are made with intrinsically fire-retarding polymers or by 
combining with fire-retarding additives. They function with different fire-retarding 
mechanisms such as high decomposition temperature, low thermal conductivity and char 
formation [79, 80]. Several drawbacks have been noted in existing fire-retarding fabrics. 
These highly engineered fabrics are expensive and not widely available.  Some fabrics have 
relatively low decomposition temperature (e.g., 4000C for aramids) [80], and do not retard 
hot flames. One example of a commercially available aramid fabric is poly-meta-
phenyleneisophthalamide (Nomex, DuPont Company) that is widely used in fire retarding 
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applications [81]. Even for fabrics of high decomposition temperatures (e.g., 15000C for 
oxidized polyacrylonitrile) [82], the temperature near the skin becomes high unless the 
fabric is very thick. Fabrics made from oxidized polyacrylonitrile (O-PAN) fibers are also 
used in preparing fire-retarding apparel (CarbonX, Chapmen Innovations Company) [83]. 
The drawbacks of existing fire-retarding polymer fabrics have highlighted a challenge: there 
is a need for affordable fire-retarding fabrics that can avoid burn injuries at high 
temperature flames. 
Here we break away from the existing approaches, and introduce a new family of fire-
retarding materials: hydrogel-fabric laminates (Figure 5.1).  
 
 
 
Figure 5.1 Design of hydrogel-fabric laminates to protect skin. (a) Initial state of laminate 
before the exposure of the flame. (b) At current state the hydrogel layer carries the flame 
heat away due to water evaporation. This creates a dry polymer layer. The 1000C boundary at 
the hydrogel-dry polymer interface moves through the hydrogel until all the water is 
evaporated. During this process, fabric with low thermal conductivity protects the skin. 
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 Instead of searing for materials that sustain high temperature, our design uses the 
evaporation of water in the hydrogel to take heat away, and the low thermal conductivity of 
the fabric to reduce the temperature near the human skin. Hydrogels contain mostly water, 
which has a large specific heat (4187 J/kgK), and evaporates at 100°C with a large heat of 
evaporation (2.26 × 106J/kg). We show that the hydrogel-fabric laminate provides superior 
fire protection compared to existing fire-retarding polymers. The National Fire Protection 
Association (NFPA) standards require that corresponding to a flashover fire with a heat flux 
of 2cal/cm2s, firefighters’ coat should have at least 17.5 seconds to survive without causing 
second-degree burns [84]. Most of the coats have similar/slightly better survival time under 
flashover fire. We show that hydrogel-fabric laminates can achieve much higher survival 
time both experimentally (with a reduced heat flux) and with a model (with standard heat 
flux). Results from the heat transfer model shows that, under flashover fire with a heat flux 
of 2cal/cm2s, a 9mm thick hydrogel-wool fabric can achieve more than 200 seconds survival 
time. This number is significantly higher than what is reported in the literature and can 
make a huge impact on designing fire-retarding apparel.  
As the hydrogel contains 90% water, the laminates can be made with low cost. Hydrogel-
fabric laminates retard fire via a different mechanism. When the hydrogel is exposed to fire, 
much of the heat is consumed by heating up water proceeded by evaporation of water from 
the hydrogel. As water evaporates, it creates two layers: a layer of dry polymer that starts to 
char and a layer of hydrated hydrogel. These regions are separated by a moving boundary at 
the boiling point of water, a fixed temperature of 1000C.  Consequently, even though the 
thermal conductivity of water is high (~0.58W/mK), the remainder of the hydrogel heats up 
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to at most 100°C. To further reduce the temperature near the human skin, we laminate the 
hydrogel with a fabric of a low thermal conductivity, such as wool of thermal conductivity of 
0.04W/mK [85, 86].   
Water has been an important tool in the fire-fighting industry. When water is sprayed 
on a fire, it coats the fuel and creates a barrier, which prevents oxygen from reaching the fire. 
The large latent heat of evaporation is very effective at cooling down fuel and thus slowing 
the fire. Unfortunately, only a small fraction of water sprayed on a fire is effective, because 
most of the water simply runs off. A recent development in the fire-fighting industry is the 
use of thixotropic hydrogel slurries [87]. These hydrogel slurries consist of hydrophilic 
polymers dispersed in water. They flow readily under pressure, but stick to the surface they 
are sprayed upon. Since these slurries consist mainly of water, they have a similar heat 
capacity and latent heat of evaporation, and have a similar effect on fire. There are many 
successful commercial applications of these hydrogel slurries. For instance, hydrogel slurries 
are sprayed on structures to protect them from wildfires [87-89]. Thick layers of hydrogel 
slurries are sometimes applied to protect a stunt performer from extreme heat for a short 
period of time [90]. Hydrogel slurries are also impregnated into different fabrics to make 
heat-resisting blankets [91, 92], although they do not provide good protection for the skin for 
a long period of time because of the high thermal conductivity of water.  
Here we compare fire-retarding properties of the hydrogel-fabric laminates 
compared to the individual components. Conventional hydrogels are too weak and brittle to 
be formed into robust laminates, but recently developed tough hydrogels are ideal for the 
application [3, 16, 21]. Hydrogel-fabric laminates have several advantages compared to 
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hydrogel-infused fabrics: 1) the thermal conductivity of the laminate is determined by the 
insulating fabric, not the hydrogel; and 2) the amount of hydrogel used in the laminate is not 
limited by the amount of slurry absorbed by the fabric. Tough hydrogels are self-supporting 
and flexible, and the hydrogel thickness can be selected depending on fire resistance 
requirements.  
We test the fire-retarding properties of laminates containing polyacrylamide-alginate 
hydrogels and compare them to a number of commercially available fire-retarding fabrics. 
We develop a simple heat transfer model to quantify the heat absorbed by the skin when 
protected with a hydrogel-fabric laminate and calibrate the model using a standard test 
known as the thermal protective performance (TPP) test. We introduce a new method for 
measuring the performance of fire-retarding fabrics and use the heat transfer model to 
optimize the design of the laminates for maximum survival time under flashover fire 
conditions.    
 
5.2 Experimental 
5.2.1 Hydrogel synthesis 
Polyacrylamide-alginate hybrid hydrogels were prepared using the following procedure: 
Powders of alginate (FMC Biopolymer, LF 20/40) and acrylamide (Sigma, A8887) were 
dissolved in deionized water. Ammonium persulfate (AP; Sigma, A9164), 0.0017 the weight 
of acrylamide, was added as the photo initiator for polyacrylamide. N,N-
methylenebisacrylamide (MBAA; Sigma, M7279), 0.0006 the weight of acrylamide, was 
added as the cross-linker for polyacrylamide.  N,N,N’,N’-tetramethylethylenediamine 
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(TEMED; Sigma, T7024), 0.0025 the weight of acrylamide, was added as the crosslinking 
accelerator for polyacrylamide. Calcium sulfate (CaSO4•2H2O; Sigma, 31221), 0.1328 the 
weight of alginate, was added as the ionic cross-linker for alginate. The solution was poured 
into a glass mold, 75.0 x 55.0 x 6.0 mm3, covered with a glass plate. The gel solution was then 
cured at room temperature by exposing it for eight minutes to ultraviolet light (OAI LS 30 
UV flood exposure system, 350 W power with a wavelength of 350 nm). Gel samples were 
kept at room temperature for one day to ensure complete reaction. Hydrogel-fabric 
laminates were prepared by threading hydrogels with aramid fabric (Nomex Aramid strips, 
McMaster, 8796K56), fire-retarding wool (Keane Fire and Safety Equipment Company, Inc.), 
and O-PAN fabric (CarbonX fabric, CX-6080, Concord Companies, Inc.).  
 
5.2.2 Heat resistance test 
The heat resistance was tested qualitatively using a hot plate (Dataplate Digital Hotplate 720 
Series) at two temperatures; Th=3500C and 5000C. Samples with dimensions of 
55mm × 37.5mm × 3mm were placed on the hot plate for 30 seconds and the top surfaces 
were observed. Wool, aramid, O-PAN and hydrogels were compared for heat resistivity. 
 
5.2.3 Fire resistance test 
A blowtorch (Bernzomatic TS3000KC Self Igniting Torch Kit) with a high-temperature flame 
of approximately ~10000C was used to test fire resistance. The distance between the tip of 
the blowtorch and the samples was kept at 6cm. All wool, aramid, O-PAN and hydrogel 
samples had a length of 75mm, a width of 55mm, and a thickness of 6 mm unless otherwise 
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noted. Tests were conducted until the flame burned through the samples. 
5.2.4 Thermal protective performance (TPP) test 
The performance of several fire-retarding materials was measured using a hot plate 
(Thermolyne Cimarec 2) with a constant heat flux. The heat flux of the hot plate was 
measured using a power meter (P3 International Kill A Watt EZ Electricity Usage Monitor, 
P4460). The TPP test was performed with a reduced heat flux of 0.8 cal/cm2s compared to 
2.0 cal/cm2s in the standard test procedure developed by the National Fire Protection 
Association (NFPA) [93] because of limitations of the hot plate. Samples of wool, aramid, O-
PAN and hydrogel, each 3 mm thick, as well as laminates of 3 mm hydrogel with 3 mm of 
wool, aramid, O-PAN were tested. The hydrogel-fabric laminates were prepared by sowing 
hydrogel and fabric together. All the samples had an area of 180 mm × 180 mm, similar to 
the area of the hot plate. Samples were placed on top of the hot plate, which was immediately 
covered by 18cm × 18cm × 2cm insulating board with a copper calorimeter attached to the 
surface facing the fire-retarding material. The copper calorimeter was a disc with a 40 mm 
diameter and a 1.5 mm thickness. Two thermocouples (Fluke Thermocouple Thermometer 
Model 52-2 with a K type thermocouple) were attached to the side of the calorimeter facing 
the insulating board. The temperature rise of the calorimeter was recorded as a function of 
time during the experiments. The total heat absorbed by the calorimeter was obtained by 
multiplying the temperature change of the copper calorimeter with the heat capacity of the 
calorimeter. 
5.3 Results and discussion 
5.3.1 Heat resistance 
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Figure 5.2 Heat resistance of different fire-retarding materials (a) Samples were placed on a 
hotplate at temperatures Th=3500C and 5000C and the top surfaces were observed after 30 
seconds. (b) Wool carbonized at 3500C and became brittle and stiff compared to initial state.  
At 5000C it melted on top of the hotplate and cannot be recovered. (c) Aramid fabric resisted 
heat efficiently at 3500C. But at 5000C it shrank rapidly, it carbonized and turned into a stiff 
piece of fabric. (d) O-PAN fabric resisted heat efficiently at both temperatures and did not 
shrink. (e) Hydrogel did not shrink at high temperature and only few parts of the bottom of 
the hydrogel carbonized but most parts remained undamaged and flexible. 
 
We test the heat resistance of several fire-retarding materials by placing them on a 
hotplate at 3500C and at 5000C for a period of 30 seconds.  Figure 5.2 shows the results for 
three commercially available fire-retarding fabrics, fire-retarding wool, aramid, O-PAN, as 
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well as a polyacrylamide-alginate hydrogel.  
At 3500C, the wool starts to carbonize and becomes brittle. At 5000C, it disintegrates on 
top of the hot plate and cannot be recovered. The aramid fabric resists a temperature of 
3500C nearly unchanged, but starts to carbonize at 5000C and also becomes stiff and brittle. 
Aramid fibers are known to start charring around 4000C [79]. On exposure to heat, both 
wool and aramid form a protective coating or char that insulates the rest of the fabric from 
the heat source [78].  The fabric, in turn, protects the skin due to its low thermal conductivity. 
But at high temperatures that are much higher than the decomposition temperature, the 
fabric decomposed rapidly and provided little or no protection.  
The O-PAN fabric (Figure 5.2(d)) resists temperatures up to 5000C with only a slight 
change in color observed at the side of the fabric in contact with the hot plate. The results for 
the hydrogel are shown in figure 5.2(e): the hydrogel resists temperatures up to 5000C, 
except for some slight charring at the edges of the sample. This simple test suggests that both 
O-PAN fabric and hydrogel can survive temperatures up to 5000C without significant 
damage. The temperatures of the top surfaces of samples were measured using infrared 
imaging (FLIR thermal camera) as shown in figure 5.3.  
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Figure 5.3 Thermal imaging of fire retarding materials. Time-lapse infrared thermal images 
of (a) Wool, (b) Aramid, (c) O-PAN and (d) hydrogel on top of a hotplate at 5000C. All the 
samples are 3mm thick, 55mm length and 37.5mm width.  
 
It is observed that wool, aramid, O-PAN heat up very rapidly, while the temperature of 
the hydrogel remains low for a long period of time. Even though O-PAN fabric resists high 
temperatures very well (figure 5.2(d)), it does not provide good thermal protection. This is 
understood as follows. Even though the decomposition temperature of this material is much 
higher than for aramid or wool, the surface facing the heat source can reach very high 
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temperature. Even with the low thermal conductivity of the O-PAN (~0.04W/mK [94]), the 
very large temperature gradient across the fabric results in a sufficiently large heat flux to 
cause skin trauma.  When compared with existing fire-retarding fabrics, hydrogels are likely 
to provide better protection because of their large heat capacity and the large enthalpy of 
evaporation of the water inside the hydrogel. As the water evaporates, it creates a dry 
polymer layer that starts to char and a fully hydrated hydrogel layer. These regions are 
separated by a moving boundary at a fixed temperature of 1000C. This behavior is indeed 
observed experimentally as shown in figure 5.4. Consequently the remainder of the hydrogel 
heats up to at most 100°C.  
 
 
Figure 5.4 Burning process of a hydrogel.  (a) 15mm thick and 30mm diameter hydrogel 
sample is placed on a hotplate with 5000C temperature. Tiny cavities are formed inside the 
hydrogel near the bottom surface. A schematic is drawn to understand what is happening 
inside the hydrogel. It seems polymer network suppresses water coming out but due to phase 
transition at 1000C steam comes out by forming small cavities. Tiny bubbles form inside the 
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(continued) hydrogel, which collapse eventually. When water is evaporated a dry polymer 
region form at the bottom and this creates a moving boundary between dry polymer and un-
burnt hydrogel. The dry polymer tends to char eventually. (b) The tiny cavities are combined 
together to form bigger cavities and when they collapse, dry polymer region grows at the 
expense of un-burnt hydrogel layer. Eventually dry polymer starts to carbonize. (c) With 
time the hydrogel becomes thinner as the water evaporates and charring layer grows.  
 
5. 3.2 Fire resistance 
The fire resistances of wool, aramid, O-PAN fabrics are compared with that of hydrogels 
in figure 5.5. Wool and Aramid fabrics burn through within a few seconds when exposed to 
the flame as shown in figures 5.5(a) and 5.5(b). Both O-PAN and the hydrogel, however, 
withstand the high-temperature flame for a much longer period of time (figures 5.5(c) and 
5.5(d)). The O-PAN fabric remains relatively unchanged even after one minute of exposure. 
Front and rear views of the hydrogel while exposed to the flame are shown in figure S2. As 
water evaporates from the side exposed to the flame, the hydrogel on that side starts to char. 
This process is very slow and the remainder of the hydrogel stays flexible (figure 5.5(d)). 
Figure 5.5(e) shows the burn-through time as a function of sample thickness for several fire-
resistant materials. It is evident that both O-PAN and hydrogel are much superior to aramid 
and fire-retarding wool, and that the fire resistance increases linearly with sample thickness. 
Even though O-PAN has excellent fire resistance, it heats up rapidly (Figure 5.3) and does 
not provide much protection to the wearer. The hydrogel, on the other hand, stays much 
cooler, opening up the possibility of using it as protection in flashover fires.  
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Figure 5.5 Fire resistance of different fire-retarding materials.  A blowtorch with a flame 
temperature of approximately 10000C is used to perform the tests; all samples had a 
thickness of 6 mm unless otherwise noted. (a) Wool burned through within a few seconds 
when exposed to the flame and turned brittle after the test. (b) Aramid fabric burned and 
shrank rapidly when exposed to flame and became brittle. (c) O-PAN fabric did not burn 
through until 8 minutes. It remained similar to initial fabric when observed after 1 minute. 
(d) Hydrogel survived for 4minutes before burning through. It remained flexible even after 
1 minute of high-flame exposure. (e) Time to burn through is reported as a function of 
sample thickness. 
 
5.3.3 Heat transfer model  
The goal of this section is to develop a simple model for heat transfer through 
hydrogels and hydrogel-fabric laminates. We approximate the evaporation of water in the 
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hydrogel as a one-dimensional heat transfer problem with a moving phase boundary, which 
we then solve with an enthalpy method [95]. Similar enthalpy models are used for other 
materials with a moving boundary such as cement mortar mixed with polymer gels [96, 97]. 
We neglect any flow of water or steam inside of the material. Figure 1 shows a hydrogel-
fabric laminate with total thickness t. It contains a hydrogel layer of thickness tgel and a fabric 
layer of thickness tf. The hydrogel consists of a polymer network with density ρp and heat 
capacitance cp, and of water with density ρw and heat capacitance cw. The heat of evaporation 
of water at its boiling temperature Tb is hf. The concentration of polymer in the hydrogel is wp 
by weight. The insulating fabric has a density ρf and a heat capacitance cf. When a heat flux is 
applied to the bottom of the hydrogel, the hydrogel heats up until water starts to evaporate. 
We model the zone in which the phase transition takes place as an infinitely thin boundary at 
the boiling temperature of water that travels through the hydrogel as shown in Figure 1. The 
boundary at x=xs(t) divides the hydrogel in two regions. The material in region I (x>xs(t)) 
consists of the original hydrogel at temperatures below the boiling temperature. In region II 
(x<xs(t)), the water is evaporated and the remaining polymer network is at a temperature 
above the boiling temperature – we neglect the effect of possible charring in the model. 
While the boundary moves through the hydrogel, the entire sample becomes thinner because 
the hydrogel dries out. We assume that the layer of insulating fabric constrains the 
deformation of the hydrogel in the plane of the laminate. 
The stretch λ is the ratio of the thicknesses of the dry gel and the swollen gel, and is given by ! = !!!!!!!!!!!! !!.           (5.1) 
In both regions of the hydrogel, Fourier’s law [95], 
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! = −!! !"!"!,           (5.2) 
is valid, where q is the heat flux per area, T is the temperature, and !! has to be replaced by 
the heat conductivities kI and kII depending on the region. The energy balance requires that 
in both regions    
!!!" + ! !!!" = !! !!!!!!!,          (5.3) 
where h is the enthalpy of the material per unit volume in the current state (i.e., either 
swollen or dehydrated depending on the region) and ! the speed at which the material moves 
due to drying of the hydrogel. The enthalpy of the hydrogel can be described as 
! < !!: ℎ = !!!! !!!!!!! !!!!!!!!!!!!! !! !!!! ! − !! ,! = !!: 0 < ℎ < !!!!!! !!ℎ! ,! > !!: ℎ = !!!!!! !!ℎ! + !!!! ! − !! .
       (5.4) 
We take Tb as reference temperature to simplify the equations. If we define the heat 
capacitance of the hydrated gel referred to the volume of the dry polymer, 
! = !!!! !!!!!!! + 1 !!!!,          (5.5) 
and define the enthalpy of evaporation per unit volume of dry polymer, 
ℎ! = !!!! ℎ! = !!!!!! !!ℎ!,         (5.6) 
then the expression for h can be written as ! < !!: ℎ = !! ! − !! ,! = !!: 0 < ℎ < ℎ! ,! > !!: !!ℎ = ℎ! + !!!! ! − !! .        (5.7) 
To simplify the mathematical analysis we express all quantities in material coordinates; X 
describes the location of a material point with respect to the original swollen hydrogel. In 
this coordinate system the phase boundary is at location 
!! ! = !! !!  .                       (5.8) 
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The energy balance then becomes 
! > !!(!): !"!" = !! !!!!!! ,! < !!(!): !"!" = !!!! !!!!!! ,          (5.9) 
where H=λh is the enthalpy of the material in the material coordinate system. In the swollen 
hydrogel λ=1 and H = h. In the dehydrated region, λ is smaller than one. By introducing the 
transformation ! = ! − !! in region I and ! = ! − !! !!!/(!!!)!in region II, we reduce both 
equations in (9) to  
!"!" = !! !!!!!! .                     (5.10) 
We also rewrite equation (7) as ! < 0: ! = !!!,! = 0: 0 < ! < !ℎ! ,! > 0: ! = !ℎ! + !!!!!!!!/!!!!.                   (5.11) 
Heat transfer in the insulating fabric is described by the standard heat equation, 
!!!! !"!" = !! !!!!!!                     (5.12) 
where kf is the thermal conductivity of the fabric. We integrate equations (5.10) and (5.12) 
over time with an explicit Euler algorithm and use a central difference scheme to 
approximate the special derivatives [95]. After each integration step, we use equation (5.11) 
to update the temperature at each node [95]. In the following, the heat transfer model is 
validated using a standard test for fire-retarding materials and is then used to optimize the 
performance of hydrogel and hydrogel-fabric laminates. 
We should point out that the thermal model does not consider heat transfer through the 
hydrogel by radiation. Direct heat transfer by radiation could conceivably raise the 
temperature of the fabric above 100°C, even if the hydrogel is still fully hydrated. However, 
water absorbs strongly in the infrared range of the electromagnetic spectrum [98], thus 
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severely limiting this mode of heat transfer. At temperatures that are sufficiently high for 
objects to start emitting in the visible range, it may be possible to reduce radiative heat 
transfer by adding an absorbent dye to the hydrogel. 
 
5.3.4 Thermal protective performance (TPP) test  
 
 
Figure 5.6 Thermal Protective Performance (TPP) test.  (a) TPP test set up. (b) Experimental 
data of heat absorbed by the Copper calorimeter for different fire-retarding materials, along 
with model predictions. The model curves were calculated using the following materials 
properties. The specific heats of Aramid, O-PAN, and Wool were taken to be 1748, 740, and 
1200 J/kgK, respectively [85,86,94]. The thermal conductivities for Aramid, O-PAN, and 
Wool were 0.15, 0.031, and 0.04 W/mK [85,86,94,100]. Densities of Aramid, O-PAN, and 
Wool were respectively 446, 75, and 162 kg/m3 [measured]. (c) Photo of a hydrogel-fabric 
laminate. A sheet of hydrogel is threaded with fabric to prepare laminates.  
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The thermal protective performance test is a standard test developed by the National 
Fire Protection Association to quantify the performance of fire-retarding materials [93, 99]. 
The TPP test measures the ability of a fabric to block a heat flux. The test involves exposing 
the fabric to a combination of radiant and convective heat flux and uses a copper calorimeter 
placed above the fabric to record the heat transferred through the specimen. The heat/time 
curve obtained in this test is then compared with the tolerance of human tissue to heat to get 
a TPP rating [99]. Here we used a modified version of the test using a hot plate (figure 5.6(a)) 
as described in the experimental section.  
 
The total heat absorbed by the copper calorimeter is plotted in figure 5.6(b) for various 
fire-retarding materials, both single layers and hydrogel laminates (figure 5.6(c)). The heat 
transmitted through the Aramid, wool, and O-PAN fabrics increases quickly with time – 
these materials clearly do not provide adequate protection as the temperature of the hot 
plate (~5000C) is higher than the fabric decomposition temperature. Heat transmission 
through the hydrogel sample, on the other hand, is much slower and the total heat absorbed 
by the calorimeter approaches a steady state as the top surface of the sample reaches 100°C. 
The laminates show even better performance than the hydrogel sample, with a rate of heat 
transmission through the hydrogel-aramid sample of half that of the hydrogel sample.  
The solid curves in the figure are predictions of the total heat transmitted through the 
laminates based on the thermal model and data for material properties obtained from the 
literature. The predictions are in good agreement with the experimental data with only a 
small discrepancy at higher heat levels, presumably because of charring of the dehydrated 
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hydrogel. This discrepancy is of little interest since human tissue cannot absorb more than 4-
5 cal/cm2s heat during this time period without suffering second-degree burns. 
 
5.3.5 Optimization of hydrogel-fabric laminates 
It is evident from figure 5.6(b) that hydrogel-fabric laminates perform better than the 
individual components of the laminate. We use the thermal model to optimize the laminate 
design using more realistic boundary conditions and an experimental criterion for second-
degree burns, i.e., burns that cause blisters in the epidermis. We only consider hydrogel 
laminates with wool and aramid, but the optimization is readily extended to other materials.  
In the TPP test, the insulating layer on top of the sample imposes a zero-heat flux 
condition on the top surface of the fire-retarding material. In a more realistic scenario, this 
flux is not zero. In fact, in a worst-case scenario, the fire-retarding material is in direct 
contact with the skin. Since even a small increases in temperature can cause a second-degree 
burn, it seems reasonable to impose a fixed temperature of 37°C, the normal skin 
temperature of a human, as a boundary condition. To mimic a flashover fire, a heat flux of 
Qin = 2cal/cm2s is used as a boundary condition for the bottom surface, which faces the heat 
source (figure 5.7(a)). Figures 5.7(b) and (c) show the heat output from the laminate, i.e., the 
heat absorbed by the skin, for hydrogel-aramid and hydrogel-wool laminates, respectively. 
Curves are shown for different ratios of hydrogel to laminate thickness. 
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Figure 5.7 Optimizing the parameters with heat transfer model.  (a) Proposed set up to 
measure the performance of hydrogel-fabric laminates. (b) Heat output from hydrogel-
Aramid laminates for different tgel/t values are compared with the Stoll curve. Total thickness 
used is t=9mm. (c) Heat output from hydrogel-wool laminates for different tgel/t values are 
compared with Stoll curve. Total thickness used is t=9mm. (d) The survival times are 
obtained from the intersection points of Stoll curve and heat out put of laminates. Dash line 
denotes the time to evaporate all the water in hydrogels for different thicknesses. 
 
Along with the results from the thermal model, we also show the Stoll curve, an 
experimental criterion for second-degree burns. Stoll et al used heat exposures on human 
skin to determine the level of total heat that caused a second-degree burn in a given amount 
of time [101]. They varied the heat flux and measured the time to cause a second-degree burn. 
The Stoll curve is then a graph of the total heat, obtained by integrating the heat flux over 
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time, versus the time it takes to cause a burn. As long as the heat transmission curve for a 
laminate lies below the Stoll curve, the laminate provides sufficient protection. The 
intersection points with the Stoll curve provide the onset of second-degree burns and thus 
the maximum time the laminate is effective. These survival times are plotted in figure 5.7(d) 
as a function of the ratio of hydrogel to laminate thickness. The dashed line in the figure 
represents the time to completely dry out the hydrogel. As soon as the hydrogel is 
dehydrated, its temperature can rise beyond 100°C, leading to possible decomposition of the 
insulating fabric. Since the thermal model does not take into account thermal decomposition, 
care must be exercised interpreting the survival curves to the left of the dashed curve – the 
dashed curve is effectively a lower bound for the survival time. It is evident from the figure 
that the hydrogel laminates perform much better than the individual components used to 
fabricate the laminate and that there is an optimum thickness ratio that maximizes survival 
time. Furthermore, the laminates with wool perform better than those with aramid because 
wool has a lower thermal conductivity. In fact, the thermal conductivity of the fabric is more 
important to the performance of the laminate than its heat resistivity or decomposition 
temperature.  
Given the thermal properties of hydrogel-fabric laminates, use of these laminates in 
fire-retarding products such as fire blankets and apparel seems attractive. The laminates are 
inexpensive compared to most of the highly engineered fire-retarding polymer fabrics and 
are fabricated from materials that are widely available. One can easily imagine use of these 
laminates as fire blankets in house fires, a leading cause of burn injuries. Similarly one can 
envision protective suits for use by fire fighters.  
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5.4 Summary 
Widely used fire-retarding polymer fabrics protect skin from burn injuries mainly 
due to their high decomposition temperature and low thermal conductivity. Above the 
decomposition temperatures, they do not provide good protection. Hydrogels can be used in 
fire-retarding applications, but cannot be used for a long period of time since they quickly 
reach 1000C because of the high thermal conductivity of water. By combining hydrogels and 
fabrics into laminates, it is possible to design fire-retarding materials that perform better 
than either fabric or hydrogel: the hydrogel protects the fabric from high temperatures, while 
the fabric keeps the skin at a safe temperature because of its low thermal conductivity. 
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Chapter 6  
Force and stroke of a hydrogel actuator 
6.1 Introduction 
A hydrogel consists of a network of cross-linked hydrophilic polymer chains dispersed in 
water. The water concentration in the gel, and hence its degree of swelling, can vary 
markedly with temperature [102, 103, 104], pH [105, 106] or even electric field [107]. This 
ability to respond to an external stimulus can be used in a range of applications, including 
sensors [108, 109], actuators in microfluidic devices [110, 111, 112] and drug delivery [113, 
114]. Here we are interested in exploring the performance of hydrogels in actuator 
applications. Actuators are usually characterized by their force-stroke curves [115, 116]. The 
stroke of an actuator is defined as the displacement achieved by the actuator under a given 
force, critical information when designing an actuator. In general, stroke and force are 
inversely related [115, 117, 118]. Even though the concept of a force-stroke curve is widely 
used in the field of actuators, it is not in the field of hydrogels. Free swelling of hydrogels has 
of course been studied extensively, but constrained swelling where the hydrogel exerts a 
force, is much less explored [104, 119]; complete force-stroke curves for hydrogels are not 
currently available in the literature. 
We derive expressions for the force-stroke curve of a hydrogel and explore the use of 
force-stroke curves to characterize the actuating properties of hydrogels, using poly (N-
isopropylacrylamide) as a model material. Poly (N-isopropylacrylamide), commonly 
abbreviated as PNIPAm, is a widely studied temperature-sensitive hydrogel. PNIPAm 
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hydrogels exhibit a reversible, continuous volume phase transition, when the temperature is 
increased above a critical temperature Tc [102, 120]. The volume phase transition is 
attributed to a coil-globule transition of the polymer chains that occurs at this temperature 
[121]. As illustrated in figure 6.1, the hydrogel can absorb a large amount of water at 
temperatures below Tc, but not at higher temperatures. This ability to swell and shrink in 
response to a temperature change makes PNIPAm a candidate for use in actuators.  
 
 
 
Figure 6.1 Volume phase transition of PNIPAm hydrogels. In the figure, the y-axis is the 
volume of the hydrogel relative to the volume of the dry polymer network. A swollen 
PNIPAm hydrogel is ~ 10-100 times the volume of the dry polymer network. Upon heating 
the PNIPAm hydrogel, the volume drastically reduces in the range of Tc~32-350C. At high 
temperature, the volume of the hydrogel approaches the volume of the dry polymer network. 
 
In this paper, we first use the model of the ideal elastomeric gel [122, 123] to predict the 
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force-stroke curves of a temperature-sensitive hydrogel. We then describe an experimental 
method for measuring the force-stroke curves and evaluate the effect of cross-link density. 
We demonstrate very good agreement between the theoretical curves and the experiments 
measurements for a broad range of cross-link densities. 
6.2 The ideal elastomeric hydrogel 
According to the classical theory of Flory and Rehner [124], the elasticity of a polymer 
network can be described by the Gaussian chain model, while the mixing of polymer and 
solvent can be described by the Flory-Huggins model [125, 126].These original models have 
often been modified to fit experimental data [103, 127]. Here we use the model of the ideal 
elastomeric gel [122], which does not invoke the Flory-Huggins model, but instead relies on 
the following two basic assumptions. First, the volume of the gel is equal to the sum of the 
volume of dry polymer network and the absorbed solvent. Second, the Helmholtz free energy 
of the gel is separable into a contribution due to stretching of the network and one due to 
mixing of polymer and solvent. The latter is conveniently represented by the osmotic 
pressure as a function of the swelling ratio, Πmix(J). Li et al [123] verified the model of the 
ideal elastomeric gel for polyacrylamide gels and demonstrated that the Πmix(J) obtained 
through different experimental methods is consistent.  
We use the model of the ideal elastomeric gel to describe the chemo-mechanical 
behavior of a temperature-sensitive hydrogel. Consider a stress-free cube of dry gel with unit 
dimensions as shown in figure 6.2.  
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Figure 6.2 The reference state is a dry polymer network of unit dimensions, subjected to no 
applied stresses. The current state is a swollen gel stretched into a rectangular block. The gel 
is submerged in an aqueous environment in which the chemical potential of water is µ, and is 
subjected to stressess1,s2, and s3.  
 
We take this state as the reference state. In the current state, the gel is submerged in an 
aqueous environment in which the chemical potential of water isµ, and the gel is subjected to 
Cauchy stresses s1, s2, and s3. By convention, the chemical potential of pure liquid water is set 
to zero. The gel absorbs C water molecules  and turns into a block of dimensions λ1  × λ2  × λ3. 
The swelling ratio J is then given by J = λ1λ2λ3.If we take the Gaussian chain model to 
describe the mechanical behavior of the polymer network, the equations of state of a swelling 
hydrogel can be written as [21, 22, 27], 
 !! = !"#! !!! − 1 − Π!"# !,! − !!, (6.1a) 
 !! = !"#! !!! − 1 − Π!"#(!,!) − !!, (6.1b) 
 !! = !"#! !!! − 1 − Π!"#(!,!) − !!. (6.1c) 
 J = 1 + WC (6.1d) 
where N is the crosslink density of the gel, kT the temperature in units of energy, and W the 
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volume per water molecule. The osmotic pressure has two contributions:  Πmix(J, T) is the 
osmotic pressure inside the hydrogel in equilibrium with pure water, and µ/ W is the 
additional contribution if the hydrogel is in equilibrium with an aqueous environment in 
which the chemical potential of water is different from zero. Pmix is a function of the swelling 
ratio J and the temperature T, but not of the crosslink density of the gel [123]. The quantity 
NkT is the shear modulus of the dry polymer network. The Gaussian chain model is not an 
essential part of the ideal elastomeric gel model. Any model that accurately describes the 
mechanical behavior of the polymer network can be used. 
According to equation (6.1), the applied stresses are balanced by the stresses that arise 
because of the elastic deformation of the polymer network and the total osmotic pressure 
inside the gel. To fully characterize the response of a temperature-sensitive gel that follows 
the Gaussian chain model, it is sufficient to know the scalar NkT and the function Πmix (J, T). 
If we fix the temperature, then Πmix(J) is a single variable function that does not depend on 
crosslink density and that is a unique function for each type of hydrogel.  
6.3 Derivation of the force-stroke curves 
Consider a hydrogel immersed in pure liquid water (µ = 0).  Subject to a change in 
temperature, the hydrogel goes through a volume phase transition. As the volume changes, 
the hydrogel is free to expand or contract in the x1 and x2-directions, but exerts a force in the 
x3-direction. Figure 6.3 illustrates schematically how to generate the force-stroke curve for 
the hydrogel.  
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Figure 6.3 Force-stroke curve of a hydrogel actuator. In the reference state, the gel is dry and 
forms a cube with side H. F is the actuation force and h3–H is the stroke. When the hydrogel 
swells freely without applying any force, it generates the maximum stroke, h-H, called the 
free stroke. If the hydrogel swells under constraint, it generates a force that increases with 
decreasing stroke. The hydrogel generates the maximum, or blocking, force, at zero stroke.  
 
The reference state of the hydrogel is a cube of the hydrogel in the dry state, at a 
temperature above the critical temperature, Tc. The length of the cube edge is designated by 
H. If the gel is allowed to swell under zero external force at a temperature below Tc, it forms a 
cube with edge length h. The corresponding actuator displacement, h-H is defined as the 
“free stroke”. If the height of the gel is limited to h3 < h, then swelling is constrained and the 
gel generates a force F. The force that completely blocks swelling in the x3-direction, i.e., h3 = 
H, is referred to as the blocking force.  Define the stretches by l1 = h1/H, l2= h2/H, l3= h3/H, 
the true stress by s3= F/(h1h2), and the nominal stress by s3= F/H2. 
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We derive the force-stroke curves based on the model of the ideal elastomeric gel. In the 
current state, !! = !! = 0 and !! = !!. Thus the swelling ratio can be written as, ! = !!!!!. 
From equation (6.1a), it follows that 
 !"#!!!!! !!! − 1 − Π!"# !,! = 0, (6.2) 
Whereµ/W was set to zero because the hydrogel is in equilibrium with pure water. If the 
function Π!"# !  is known for the hydrogel, equation (6.2) can be used to calculate!! as a 
function of !!. Equation (1c) then yields 
 !! = !"# !! − !!! − Π!"# !,! !!! (6.3) 
And the nominal stress becomes, 
 !! = !"#!!! !! − !!! − Π!"# !,! !!!!!!. (6.4) 
This is the expression for the force-stroke curve of a hydrogel. The derived force-stroke 
relation is the steady-state relation; solvent migration makes the actual performance of a gel 
actuator highly time-dependent. It is evident from equation (6.4) that the force-stroke curve 
can be calculated if the function Π!"# !,!  is known. Figure 6.4 shows this relationship for 
PNIPAm hydrogels using the Π!"# !,! curve measured using the procedure described in the 
next section. It is observed that the blocking force (!! = 1) increases with increasing cross-
link density, while the free stroke (!! = 0) decreases. 
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Figure 6.4 Force-stroke curves for PNIPAm hydrogels with different cross-link densities, 
derived using the ideal elastomeric gel theory and the experimentally measured Пmix(J,T) 
function. Force is converted to nominal stress s3 and stroke is converted to stretch λ3. The 
blocking force (λ3=1) increases and the free stroke (s3=0) decreases with increasing cross-
link density. 
 
6.4 A procedure for measuring !!"# !  
The force-stroke curve of a hydrogel requires knowledge of the Π!"# !,!  function. Here 
we describe a simple procedure for measuring this function experimentally based on free 
swelling of gels in environments with controlled chemical potentials. Under conditions of 
free swelling, no stresses are applied to the gel and swelling is isotropic. If !! = !! = !! = !!, 
then equation (6.1) implies that  
 !! = !"#!!! !!! − 1 − Π!"# !,! − !! = 0. (6.5) 
Solving for the osmotic pressure yields 
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 Π!"# !,! = ! 1 − !!!! − !!, (6.6) 
where G = NkT/λf is the shear modulus of the gel in the swollen state. It is clear from 
equation (6.6) that the osmotic pressure can be determined by measuring the free-swelling 
stretches as a function of the chemical potential of water in the environment. These 
measurements can be implemented using the following approach, suggested in references 
[129, 130]. Enclose a hydrogel in a flexible water-permeable membrane and submerge it in a 
mixture of water and a second compound. This second compound needs to satisfy two 
conditions: 1) the compound cannot migrate through the membrane and 2) the chemical 
potential of water in the mixture must be well known, e.g., through a series of osmotic 
pressure experiments such as those described in references [131, 132]. If the chemical 
potential of water in the hydrogel is different from that in the mixture, water will migrate 
through the membrane to equalize the potentials and the gel will expand or shrink, as may be 
the case. The flexible membrane serves to prevent the second compound from diffusing into 
the gel and thus change the chemical environment, but should not impede the volume 
change in any way. Once equilibrium is established, the function Π!"# !,! = Π!"# !!!,!  can 
be calculated from the chemical potential of water in the mixture and the stretch !! using 
equation (6.6). Repeating this procedure for different water mixtures and temperatures, 
establishes Π!!" !,!  as a function of J and T. 
6.5 Experimental 
6.5.1 Sample fabrication 
PNIPAm hydrogels were prepared using the following procedure: 1.1111 g of N-
Isopropylacrylamide (NIPA, Sigma-Aldrich, 415324) and different amounts of N-N-
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methylenebisacrylamide(MBAA, Sigma-Aldrich, M7279) were dissolved in distilled water as 
shown in table 1.To these mixtures, 9.889 mg of ammonium persulfate (AP, Sigma-Aldrich, 
A9164) was added as photo initiator and 25.56 mg ofN,N,N1,N1-tetramethylethylenediamene 
(TEMED, Sigma-Aldrich, T1024) was added as cross-link accelerator. The solutions were 
poured into glass molds with dimensions 70 × 30 × 3mm3and covered with glass slides. The 
gels were cured at room temperature by exposing them to ultraviolet light with a wavelength 
of 254 nm and a power of 8 W for a period of 4 hours inside a UVC 500 system (Hoefer). 
This procedure resulted in PNIPAm hydrogels with various levels of cross-linking as listed in 
Table 6.1. 
 
Sample Amount of MBAA (mg) 
!!"##!!"## +!!"#$% ×100% 
1 1.7 0.15 
2 2.8 0.25 
3 3.9 0.35 
4 5.6 0.5 
5 6.7 0.6 
6 8.4 0.75 
 
Table 6.1 Synthesis data for PNIPAm hydrogels. 
 
6.5.2 Characterization of !!"# !,!  
The Pmix (J, T) function was measured for the PNIPAm samples using the procedure 
outlined earlier in this paper. Immediately after synthesis, PNIPAm samples with different 
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cross-link densities were submerged in mixtures of water and polyethylene glycol (PEG, 
BioUltra, MW20000, Sigma-Aldrich 95172), which is a convenient method of controlling the 
chemical potential of water in the environment. PEG was selected because it is a water-
soluble polymer that is readily available in different molecular weights. Mixtures of PEG and 
water have been extensively characterized and the chemical potential of water in these 
mixtures is well known (Fig. 6.5(a)) [131, 132].  
 
 
Figure 6.5 Free swelling of hydrogels in equilibrium with an aqueous solution of PEG. (a) 
Chemical potential of water in aqueous solutions of PEG [131, 132]. (b) Freshly prepared 
PNIPAm hydrogels are enclosed inside dialysis bags containing deionized water and are 
immersed invarious concentrations of water/PEG solutions. The stretch l represents the 
stretch of the freshly prepared sample with respect to its dry reference state. (c) When the 
hydrogel equilibrates with the water/PEG solution, all water in the dialysis bag disappears. 
The free stretch lf represents the stretch of the equilibrated sample with respect to its dry 
reference state.  
 
To prevent the PEG from diffusing into the PNIPAm, the samples were enclosed inside 
dialysis bags (cellulose membrane, Sigma Aldrich D9527) along with a small amount of 
deionized water (figure 6.5(b)). Dialysis bags were selected as water-permeable membranes 
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because the pores in dialysis membranes allow water to pass through, but not PEG. The 
dialysis bags were much larger than the samples, so that they did not exert any mechanical 
constraint on the samples. This experiment was performed right after synthesizing the 
PNIPAm samples so that their water content was fixed at approximately 90% for all samples. 
Six different water/PEG solutions were prepared with PEG concentrations of 0, 0.025, 0.05, 
0.505 and 1.282 mmol/l. All experiments were performed at 200C. The samples, 
10 × 10 × 3mm3 in size, were submerged for a period of one week, which was sufficient to 
establish equilibrium between the sample and the PEG solution. The samples were then 
removed from the dialysis bags, any surface water was removed by blotting with a tissue 
paper, and the free swelling ratio, lf, was measured for each sample using the gravimetric 
method. Specifically, the samples were weighed using an analytical scale to obtain 
weight,! !"#,of the samples in equilibrium with the PEG solution. The weight of the dry 
samples,! !"#, was determined after freeze-drying the samples. This was accomplished by 
freezing the samples at -800C and then transferring them to a freeze-dry system (Labconco 
Corporation) at a temperature of -50°C.The samples were removed from the freeze-dry 
system after 3 days when they were fully dehydrated. The free swelling ratio, lf, was 
calculated from 
 !! = !!"#!!"# !/!. (6.7) 
The osmotic pressure was calculated from lf and µ using equation (6.6). Because all 
measurements were performed at 20°C, we denote Pmix (J, T) henceforth as Πmix(J). 
6.5.3 Mechanical characterization and Measurement of force-stroke curves 
Uniaxial compression tests were performed using an AR-G2 rheometer (TA 
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instruments) as shown in figure 6.6(a).  
 
Figure 6.6 Mechanical characterization and measurement of the force-stroke curves. (a) 
Uniaxial compression test for measuring the shear modulus. Hydrogels were compressed 
under two rigid plates and the force-displacement data were recorded to obtain the shear 
modulus. (b) Setup for the constrained swelling experiment. The reference state shows a dry 
PNIPAm gel submerged in water at 200C; this gel is placed between two rigid plates with a 
gap, d between the sample and the upper plate. Mineral oil is used to prevent water 
evaporation during the experiment. The current state shows the swollen gel in the 
equilibrium state. The force F generated by the hydrogel is recorded as a function of time 
until it saturates. (c) Force-time curve for a 0.6wt% PNIPAm hydrogel and for different 
values of d. 
Rectangular samples with dimensions of 4× 4× 3 mm3were compressed at a rate of 
100µm/min until a strain of 5% strain was reached. Young’s modulus was calculated from 
the slope of the stress-strain curves and the shear modulus, G, was obtained as one third of 
the Young’s modulus on the assumption that hydrogels are incompressible at small strains 
and on the time scale of the experiment. A total of three PNIPAm samples were tested for 
each cross-link density. 
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The force-stoke curves were measured following the approach described earlier. 
Specifically, after synthesis the PNIPAm gels were allowed to fully swell in DI water at room 
temperature. Cylindrical samples with a diameter of 10 mm were cut from the swollen gels 
using a hole punch. The thickness of the samples was approximately 5 mm, but varied 
somewhat with cross-link density. These samples were heated to 500C and kept at this 
temperature for three days to allow them to reach their dry equilibrium state. The dried 
samples were then allowed to cool to room temperature before performing constrained 
swelling experiments inside the AR-G2 rheometer. The initial state is shown schematically in 
figure 6.6(b), where a dry PNIPAm sample is placed between two rigid plates and submerged 
in water at 20°C. The sample swells by absorbing water and generates a force when it 
touches the upper plate. This force was recorded as a function of time until the sample was 
fully saturated and the force reached a steady-state value as shown in figure 6.6(c). Force-
time curves were measured as a function of the initial gap d between sample and plate 
(figure 6.6(b)). The saturation force was converted to a nominal stress by normalizing the 
force with the initial cross-sectional area of the sample; the stroke was converted to stretch, l, 
by normalizing with the initial sample height. Force stroke curves were measured for all 
PNIPAm samples listed in Table 6.1. The subscript 3 in the remainder of the text refers to the 
loading direction. 
6.6 Results and discussion 
Figure 6.7(a) shows the free swelling ratio, λf as a function of PEG concentration for 
PNIPAm samples with different levels of cross-linking; figure 6.7(b) shows the 
corresponding shear moduli.  
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Figure 6.7 Determination of the osmotic pressure function Π!"# ! .  (a) Free swelling ratio λf 
of PNIPAm hydrogels as a function of PEG concentrations. Curves with different symbols 
represent the free swelling ratios for hydrogels with different cross-link densities.(b) Shear 
modulus of PNIPAm hydrogels with different cross-link densities as a function of PEG 
concentration. (c) Experimental values of the osmotic pressure for PNIPAm hydrogels with 
different cross-link densities. Data for different cross-link densities collapse into a single Π!"# ! curve. 
Together with the chemical potential of water in aqueous PEG solutions, figure 6.5(a), 
these experimental results can be used to calculate Pmix(J) from equation (6.6). The result is 
plotted in figure 6.7(c). Even though samples with different cross-link densities have 
different shear moduli and different swelling ratios, their osmotic pressure functions 
collapse into a single master curve. This master curve is independent of cross-link density 
and can be regarded as a material property of PNIPAm hydrogels. Evidently, the cross-link 
density of the hydrogels is low enough that the cross-links do not substantially alter the 
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chemical interactions between the PNIPAm polymer chains and the surrounding water. This 
observation is not unique to PNIPAm, but has also been established for other gels such as 
polyacrylamide gels [123].Even though the osmotic function was derived from free-swelling 
data, it can be used to predict the behavior of PNIPAm hydrogels under complex conditions 
of loading and in various chemical environments. It is convenient to represent the data in 
figure 6.7(c) by a curve fit 
 Π!"# ! = 0.2 + 50!× exp −0.138! kPa, (6.8) 
which is valid at 20°C in the range 12 < J < 65. 
 
Figure 6.8 Force- stroke curves. Force is converted to nominal stress s3 and stroke is 
converted to stretch λ3. Curves (a)-(f) show s3- λ3 curves for PNIPAm hydrogels with different 
cross-link densities. Cross-link weight percentages are denoted for each curve. Black squares 
correspond to experimental results and curves are predictions from the ideal elastomeric 
model. 
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Figure 6.8 shows normalized force-stroke or stress-stretch curves for samples with 
different cross-link densities. Black squares correspond to experimental data and the red 
lines are predictions based on the ideal elastomeric model, equation (6.4), and the curve fit 
to the osmotic pressure function, equation (6.8). The shape of the curves in figure 6.8 is 
typical for force-stroke curves: The force is greatest when the actuator is blocked and 
decreases with increasing stroke. The blocking force increases with increasing crosslink 
density, while the free stroke decreases. The effect of cross-link density on the free swelling 
of PNIPAm hydrogels is well documented in the literature [133, 134]: Increasing the cross-
link decreases the free swelling without changing the transition temperature. This 
observation is consistent with our results that the free stroke decreases with cross-link 
density. The effect on the blocking force is, however, subtler: As the cross-link density 
increases, the hydrogel becomes stiffer and swells less. The blocking force depends on both 
of these factors. Even though our experimental results show that blocking force increases 
with increasing cross-link density, it is clear that the gel cannot generate a large blocking 
force when the cross-link density is too high. This can be understood as follows. In the limit 
of no cross-links at all, the stiffness of the hydrogel vanishes and the blocking force 
approaches zero. If, on the other hand, the cross-link density is very high, the stiffness of the 
hydrogel is very large and the free-swelling ratio approaches one. The hydrogel cannot swell 
and generates no blocking force. Consequently the blocking force must peak at an 
intermediate level of cross-linking. This prediction is illustrated in figure 6.9, where the 
blocking stress derived from equation (6.6) is plotted as a function of NkT. Phase separation 
[135] in the PNIPAm hydrogels prevented us from confirming this behavior at large cross-
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link densities, but it may be possible to access this regime in other hydrogels. 
 
 
Figure 6.9 Blocking force as a function of cross-link density. The solid curve is a prediction 
based on the Пmix(J,T) relation. 
 
In many applications, a quick and uniform actuator response is required. The speed with 
which a hydrogel actuator responds to a stimulus is governed by the diffusion of water into 
or out of the hydrogel and depends sensitively on the size of the actuator. The response time 
of a micrometer-sized gel particle, for instance, is on the order of 10-2-10-4 s, making it a 
viable actuator for a range of micro-fluidic applications. Even though the experiments 
presented in this paper were performed on millimeter-size samples, the results and analysis 
are directly applicable to gels on the micrometer scale. 
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6.7 Summary 
We have used the ideal elastomeric gel model to derive the force-stroke curves of 
hydrogel actuators. The force-stroke curves depend on the shear modulus and on the 
osmotic pressure function of the hydrogel. We have described simple methods for measuring 
the osmotic pressure function and the force stroke curves. Measurement of the osmotic 
pressure curves for PNIPAm samples with different cross-link densities show that the 
osmotic pressure function is independent of cross-link density. The experimental force-
stroke curves are in very good agreement with the model predictions, demonstrating that the 
ideal elastomeric gel model provides a very general description of the behavior of a hydrogel 
for a broad range of loading conditions, chemical environments, and cross-link densities.  
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Chapter 7  
Strong and flexible hydrogels below water freezing 
temperature 
   
7.1 Introduction 
Hydrogels are cross-linked networks of hydrophilic polymer chains dispersed in water. 
The polymer network enables elasticity making the hydrogels solid-like and the water 
enables mass transport, making the hydrogels liquid-like. These attributes can make the 
hydrogels stretchable, flexible, soft and the ability to change volume. However these 
desirable properties of hydrogels disappear when the environment temperature goes below 
water freezing temperature. The water inside the polymer network freezes and disables the 
liquid-like behavior. The polymer network is frozen in place disabling the elastic behavior. 
Thus at low temperatures, hydrogels become similar to stiff pieces of ice. In this study we 
develop hydrogels that do not freeze even at -500C, still maintaining room temperature 
mechanical properties and partially frozen hydrogels that are still flexible and stretchable. 
Hydrogels are traditionally studied for biomedical applications such as scaffolds in 
tissue engineering [6], carriers for drug delivery [7] and valves in microfluidic devices [9]. 
Most conventional hydrogels are brittle and weak limiting the scope of above applications [4]. 
Recently developed tough hydrogels improve the scope of current applications [16, 17, 19]. 
Among them polyacrylamide-alginate tough hydrogel demonstrate extremely high toughness, 
stiffness and recoverability [3, 21]. The exceptional mechanical behavior of these hydrogels 
are comparable to elastomers [136] and they still contain ~90% water. Due to the recent 
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development in the field of hydrogels, they are studied for non-traditional applications such 
as stretchable and transparent ionic conductors [137, 138], vibration isolation [139] and as 
impact energy absorbing materials [23]. These non-traditional applications need hydrogels 
that can function even at low temperatures.   
 
 
 
Figure 7.1 Compression tests for hydrogels that were stored in -200C and tested at room 
temperature (a) Regular hydrogels become very stiff, very similar to ice and hard to 
compress. It slips when compressed and part of the hydrogel is broken. It does not recover 
the original shape. (b) 30wt% CaCl2 hydrogels do not freeze at -200C and most of the 
deformation is recoverable during a compression test.  
  
 Hydrogels that have good mechanical properties below water freezing temperature 
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have never been demonstrated before. When a Polyacrylamide-alginate hydrogel is stored at 
a freezer with a temperature -200C, it becomes similar to ice and hard to compress (figure 
7.1(a)).  
 In this study we plan to prepare hydrogels that do not freeze solid below 00C. Freeze 
point depression, a process that adds a solute to a solvent to decrease freezing point is a 
widely studied approach. For example salt is added to roads during winter to avoid any ice 
formation on roads. Antifreeze liquids are mixed with water to be used in radiators that do 
not freeze in winter. This method is also used by organisms that live in extreme cold weather 
where they produce antifreeze agents to decrease the freeze point of water inside them [140, 
141]. They do not freeze solid even the water freezes outside. When salt is added to pure 
water the freezing point of water can greatly be reduced. By adding Calcium Chloride we 
make hydrogels that are partially frozen or that do not freeze below 00C. Whether the 
hydrogels fully freeze, partially freeze or non-freeze is determined by the amount of Calcium 
Chloride we add and the environment temperature, provided that we maintain constant 
relative humidity. Polyacrylamide-alginate hydrogels that contain 30wt% Calcium Chloride 
stored at -200C do not freeze and the deformation is recoverable when compressed (figure 
7.1(b)). 
This new class of hydrogels can be useful in many applications. Recently developed 
stretchable and transparent ionic devices are made of hydrogels and dielectric elastomers 
[137, 138]. These ionic devices would be functionless when water inside the hydrogel freezes. 
Hydrogels are also studied as soft actuators [25]. Soft robots that are made of hydrogel 
actuators would benefit if they do not freeze at low temperatures. If the hydrogels can be 
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made partially frozen we can take advantage of high heat of fusion of water to absorb heat. 
They can be used in cooling applications that are similar to gel packs used currently. Gel 
packs are used to keep things cold for extended periods of time. Commonly used gel packs 
are made with a mixture of water, propylene glycol and hydroxypropyl methylcellulose [142]. 
They are soft and squishy at room temperature and remain malleable or hard when frozen. 
These packs can absorb considerable amount of heat before warming above 00C due to high 
latent heat of fusion of water. These packs are used to keep food cool in portable coolers, 
relieving muscle pain, insulating shipping containers to keep products cool during 
transportation [143-145]. As current gel packs contain the gels in the form of viscous liquid 
they need many compartments to avoid flowing. A partially frozen tough hydrogel can 
enhance the performance of gel packs. They will provide more protection when subjected to 
loading and the toughness can prevent any flowing or moving of the content inside the pack.  
In this study we develop partially frozen and non-frozen hydrogels based on the phase 
diagram of Calcium Chloride-water system. Mechanical properties of these hydrogels are 
measured in a wide range of temperatures. Based on the phase diagram and heat capacity of 
Calcium Chloride-water system, we calculate the reduction of heat absorption by adding 
Calcium Chloride to hydrogels. We also demonstrate a touch sensing ionic device that can 
function at low temperature.  
7.2 Experimental 
7.2.1 Hydrogel synthesis 
Polyacrylamide-alginate hybrid hydrogels were prepared using the following procedure: 
Powders of alginate (FMC Biopolymer, LF 20/40) and acrylamide (Sigma, A8887) were 
 99 
dissolved in deionized water. Ammonium persulfate (AP; Sigma, A9164), 0.0017 the weight 
of acrylamide, was added as the photo initiator for polyacrylamide. N,N-
methylenebisacrylamide (MBAA; Sigma, M7279), 0.0006 the weight of acrylamide, was 
added as the cross-linker for polyacrylamide.  N,N,N’,N’-tetramethylethylenediamine 
(TEMED; Sigma, T7024), 0.0025 the weight of acrylamide, was added as the crosslinking 
accelerator for polyacrylamide. Calcium sulfate (CaSO4•2H2O; Sigma, 31221), 0.1328 the 
weight of alginate, was added as the ionic cross-linker for alginate. The solution was poured 
into a glass mold, 75.0 x 55.0 x 6.0 mm3, covered with a glass plate. The gel solution was then 
cured at room temperature by exposing it for eight minutes to ultraviolet light (OAI LS 30 
UV flood exposure system, 1.92 W/cm2 power density). Hydrogel samples were kept at room 
temperature for one day to ensure complete reaction. Hydrogels were immersed in 10wt% 
and 30wt% Calcium Chloride (CaCl2, McMaster-Carr., 3190K36) solutions for five days to 
obtain 10wt% and 30wt% CaCl2-Polyacrylamide-alginate hydrogels. 
 
7.2.2 Compression test 
Compression experiments were performed using cylindrical-shaped samples of average 
dimensions 8mm diameter and 2mm height. Before obtaining the measurements the 
samples were equilibrated at the particular temperature for 15 minutes. For measurements 
below 00C we attached an aluminum container of ice and salt mixture to keep a constant low 
temperature during the test. The force-displacement curves were measured at a 
displacement rate of 50µm/min.  
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7.2.3 Measuring capacitance 
We fabricated a sensor that can detect the pressure of finger touch consisting of a 
2cm*2cm*0.5mm dielectric elastomer (VHB 4905, 3M) covered with two 30wt% CaCl2-
hydrogel layers of 2cm*2cm*0.2mm dimensions. Top and bottom hydrogels were connected 
to electrodes, which then connected to a capacitance meter (LCR/ESR meter, Model 885, BK 
Precision), set to a sinusoidal measurement signal of 1V and 100Hz. The design is similar to 
reference [138]. The sheet was attached to a glass plate and capacitance was measured with 
finger touch at 200C and inside a freezer at -110C. 
 
7.3 Results and discussion 
 We have synthesized Polyacrylamide-alginate hydrogels with 0wt%, 10wt% and 30wt% 
CaCl2 concentrations. Even though the 0wt% sample is not immersed in a CaCl2 solution, it 
contains a very low concentration (0.3wt%) of CaSO4 in the sample. All the Ca2+ are occupied 
by the G blocks in the sample as shown in figure 7.2(a).  
 For 10wt% CaCl2-hydrogel sample all the G blocks of the alginate chains are fully 
saturated with Ca2+ [136] and the remaining Ca2+ are mixed with water (figure 7.2(b)). For 
30wt% CaCl2-hydrogel sample all the G blocks are saturated and excessive Ca2+ are mixed 
with water as shown in figure 7.2(c). Compression stress-strain curves are obtained for these 
hydrogels as figure 7.2(d). It is observed that 0wt% CaCl2-hydrogel samples show the lowest 
strength and stiffness due to low crosslink density. 10wt% sample shows high strength and 
stiffness due to high crosslink density. But when we add more Ca2+, decrease in strength and 
stiffness is observed in 30wt% sample. This is due to the swelling of the hydrogel when more 
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CaCl2 is presented.  
 
 
 
Figure 7.2 Polyacrylamide-alginate hydrogels of different CaCl2 concentrations at 200C (a) 
Regular tough hydrogels with 0wt% of CaCl2 added. (b) When 10wt% CaCl2 is added all the G 
blocks in alginate chains saturate. (c) When 30wt% CaCl2 is added more CaCl2 enter the 
hydrogel. (d) Compressive stress-strain curves of three hydrogels. 
 
 Even though the difference between these hydrogels at room temperature is just the 
Ca2+ concentration, the behavior of the hydrogels becomes completely different when the 
temperature goes below 00C. The phase diagram of CaCl2-water system in figure 7.3(a) 
explains this behavior [146].  
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Figure 7.3: Three types of gels below 00C (a) Phase diagram of CaCl2-water system [22]. Red 
arrows correspond to three types of gels obtained with 0wt%, 10wt% and 30wt% CaCl2 
concentrations when cooled from room temperature. (b) Regular hydrogel freezes at -200C 
and becomes a stiff piece of ice. The schematic shows ice crystals formed in the polymer 
network. (c) A 10wt% CaCl2 gel creates a partially frozen slurry gel. The schematic shows ice 
and salt solution inside polymer network. (d) When 30wt% CaCl2 is added it does not freeze 
at -200C and remains transparent. Schematic of the gel shows salt solution inside polymer 
network. 
 
 When 0wt% CaCl2 is presented it becomes pure water and below 00C turns to ice. In 
the phase diagram this is represented as a straight line (b). Similar behavior is observed for 
0wt% CaCl2-hydrogels. When the temperature is decreased from 200C to -200C, ice crystals 
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are formed in the polymer network as shown in figure 7.3(b). Ice crystals dominate over the 
polymer network and the hydrogel becomes a stiff piece of ice. Thus we name this gel as ice 
gel. For a 10wt% CaCl2 solution when the temperature is decreased from 200C to -200C the 
solution phase changes in to a slurry mixture of solution and ice crystals (line (c) in figure 
7.3(a)). Similar behavior is observed for 10wt% CaCl2-hydrogels when decreased from 200C 
to -200C, two phases present: ice crystals and salt solution (figure 7.3(c)) inside the polymer 
network. As the 10wt% hydrogel contains a slurry mixture, we name the gel as slurry gel. 
When goes down along line (c) more ice crystals form. It remains flexible but hardens 
gradually. According to the phase diagram 10wt% slurry gel stays in the flexible slurry phase 
until the temperature is -500C. When the temperature of 30wt% CaCl2 solution is decreased 
from 200C to -200C, it does not change the phase and stays in solution phase even until -
500C (line (d) in figure 7.3(a)). Similarly 30wt% CaCl2-hydrogel remains in solution phase 
when cooled down as in figure 7.3(d). As this concentration corresponds to eutectic 
concentration, we name the gels as eutectic gels.  
We have measured the apparent contact modulus of all three hydrogels for a 
temperature ranging from -80C to 200C. The test set up is shown in figure 7.4(a).  
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Figure 7.4 Mechanical properties of hydrogels at different temperatures. (a) Photo of the 
compression test set up. Upper plate is attached to an aluminum container of ice and salt 
mixture for the tests below 00C. (b) Stress-strain curves of hydrogels at different 
temperatures. (c) Apparent contact modulus of hydrogels at different temperatures. 
Comparison of loading-unloading compression test of (d) ice gel and (e) ice at -80C. 
 
Compressive force-displacement curves are converted to stress-strain curves as in figure 
7.4(b). The nominal stress was obtained by dividing the force by the initial cross-sectional 
area of the sample. Strain was calculated by dividing the deformation of the sample by its 
initial height. Figure 7.4(c) shows the apparent contact modulus data with temperature for 
all three hydrogels. For eutectic gels the apparent contact moduli remain constant through 
out the entire temperature range. For slurry gels the apparent contact moduli remains 
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constant from 200C to 00C but a slight increase is observed below 00C due to the ice crystal 
formation. Due to the slurry behavior it still remains flexible. Apparent contact moduli of ice 
gel remains constant from 200C to 00C but a drastic increase in modulus is observed below 
00C as the hydrogel turns similar to ice. It is reported that modulus of ice at -100C is ~10GPa 
[147]. From our experiments the contact modulus of ice gel around -80C was observed 
~10MPa which is much lower than the reported modulus of ice. We expected ice gels to 
behave similar to ice and this observation is contrary to what we expected. We tested the 
loading-unloading curves of ice gels to confirm whether this is an effect due to the 
misalignment of the plates and the sample. The results in figure 7.4(d) shows this is not the 
case. The slope obtained from loading and unloading is comparable, suggesting this effect is 
not due to any misalignment. We then measured the stress-strain curves of an ice sample 
with similar dimensions to ice gels and observed that the mechanical behavior of both ice 
and ice gel are very similar (figure 7.4(d), (e)). Even for pure ice samples, we do not observe 
the expected modulus as in literature. We believe the difference is due to increase in 
temperature during the test. Even though we control the temperature of the upper and lower 
plates, the test is performed in open air due to lack of equipment available to precisely 
control the temperature. Thus the temperature of the sample can be very closer to melting 
temperature and creep behavior can be occurred. Creep behavior is widely studied for ice 
near melting temperatures [148]. We also performed a stress relaxation test as in figure 7.5 
and it is observed the stress is relaxed fast when the load is held constant.  
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Figure 7.5 Stress relaxation test (a) Stress-strain data. (b) Stress-time data. 
 
These tests suggest that the difference of moduli in the measurements and literature data is 
due to the creep of ice. Even though we were unable to obtain precise modulus measurement 
of ice gels, we have showed that ice gels behave similar to ice at low temperatures.  
For cooling applications with slurry gels it is important to know the reduction in heat 
absorption by adding CaCl2 in to the gels. To calculate this we use the thermodynamic 
properties of CaCl2-water system: the phase diagram (figure 7.6(a)) and specific heat 
diagram (figure 7.6(b)).  
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Figure 7.6 Thermodynamic properties of CaCl2-water system (a) Phase diagram [22]. (b) 
Specific heat of CaCl2-water system [22]. (c) Heat absorbed by 100g of water with different 
CaCl2 wt% when cooled from 00C to -200C and from 00C to -500C. (d) Time lapse thermal 
images of three types of gels immediately after removing from a -110C freezer. 
 
Heat absorbed by 100g of water with different concentrations of CaCl2 is calculated for 
two situations: when cooled from 00C to -200C and from 00C to -500C. This is calculated as 
follows. 
∆!!"#$% = ∆!!"#$!!"!!"#$%&!!"!!"# + ∆!!"#! + ∆!!"#$!!"#$%&"'     (7.1) 
where ΔH is change in heat and ΔT is change in temperature. 
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∆!!"#$!!"!!"#$%&!!"!!"# = Heat!of!fusion!of!ice! !"#! ×Mass!of!ice!(g)    (7.2) ∆!!"#! = Mass!of!ice! g ×!Heat!capacitance!of!ice!( !"#!!!)×∆!(℃)    (7.3) ∆!!"#$!!"#$%&"' = Mass!of!salt!solution g ×Avg. heat!capacitance!of!salt!solution(!"#!℃)×∆!(℃)(7.4) 
 
For example let us take a 5wt% CaCl2 solution that contains 100g of water and 5.26g of 
CaCl2 with a total solution mass of 105.26g. According to the phase diagram a 5wt% solution 
at -200C has 20wt% CaCl2 in solution phase. This is obtained by drawing a tie line at -200C in 
the phase diagram. Thus at -200C it contains a 26.32g of CaCl2 solution. This makes the mass 
of ice in the mixture as 78.94g. 
From equation (2),   ∆!!"#$!!"!!"#$%&!!"!!"# = 79.7! !"#! ×78.94! g = 6.295!kcal  
From equation (3),  !∆!!"#! = 78.94! g ×!0.5! !"#!!! ×20!C = 0.789!kcal 
From equation (4),  !∆!!"#$!!"#$%&"'! = 26.32! g ×!0.7! !"#!!! ×20!C = 0.369!kcal 
Thus from equation (1), !∆!!"#$%! = 7.453!kcal 
 
According to figure 7.6(c), maximum heat absorption is obtained for 0wt% CaCl2 
samples but they limit the performance at low temperature because they freeze solid. When 
30wt% CaCl2 is added, the samples do not freeze at all but the heat absorption is much lower 
and cannot be useful in cooling applications. Samples with CaCl2 concentrations between 
0wt% and 30wt% are useful in cooling applications. Figure 7.6(c) provides useful 
information in developing gel packs for cooling applications. To show that CaCl2-hydrogels 
behave in a similar manner to CaCl2-water system we also performed infrared thermal 
images of three types of hydrogels. They were stored in a -110C freezer and time lapse 
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thermal images were taken after immediate removal from the freezer. Thermal images show 
that a 0wt% ice gel remains cold for a longer period. 30wt% eutectic gel heats up rapidly. 
10wt% slurry gel keeps colder than 0wt% sample until 00C but heats faster than 0wt% ice gel 
above 00C.  
 
 
Figure 7.7 Ionic skin sensor at different temperatures (a) A pressure sensor was fabricated by 
sandwiching a layer of dielectric (VHB) between two layers of 30wt% CaCl2 hydrogel, which 
were connected to two electrodes. (b) Capacitance was measured at 200C with a finger press. 
‘P’ denotes finger press and ‘R’ denotes release. (c) Capacitance was measured inside a 
freezer at -110C with a finger press. (d) Hydrogel keypad on a VHB substrate was placed on 
ice as a demonstration of a touch sensor at low temperature. 
  
 Non-freezing hydrogels are useful in flexible ionic conductors below water freezing 
temperature. We have fabricated a touch sensor as in figure 7.7(a) with a simple architecture 
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of hydrogel-elastomer-hydrogel layers. This set up is based on reference [138] except we do 
not need to put additional elastomer layers on top and bottom because our hydrogels are 
strong and tough. Eutectic hydrogels are used for the design, as they do not freeze even at -
500C. This set up measures the capacitance with a finger touch both at 200C (figure 7.7(b)) 
and at -110C (figure 7.7(c)). This test shows the potential of eutectic hydrogel based ionic 
devices that can work as sensors in very low temperature environments (figure 7.7(d)).  
 Our results suggest that slurry gels and eutectic gels are useful in applications that 
require strong and flexible hydrogels below water freezing temperature. Slurry gels can 
overcome some of the problems associated with current gel packs. Current gel packs contain 
viscous liquid like gel and in order to avoid flowing, many gel packs contain number of 
compartments. Partially frozen strong hydrogels do not need any compartments and the 
flexibility allows easy wrap around. Not only can they be used to relieve muscle pain, they 
can also be used in keeping food or drinks cold for a long time and be useful in transporting 
medicine or food that need to be kept cold. There are some incidents reported with broken 
and leaked gel packs that have mixed with food and have become poisonous [149]. With 
strong gel packs any leaking problem can be avoided. Gel packs are also used in military 
applications such as cooling helmets and gel vests for soldiers in extreme hot weather [150]. 
Strength and toughness of the gels are important in rough use in military applications. 
Because slurry gels contain mostly water and salt, they can be made with very low cost and 
can also be useful as cooling jackets for workers near furnaces, gel hats or jackets to be used 
in extreme hot weather. Eutectic gels can be used as pressure sensors at low temperatures to 
sense pressure of a finger touch such as touch screen keypad or a pressure sensor that a 
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person can step on it. Eutectic gels might also be useful in soft robotic applications at low 
temperatures.  
 These hydrogels can absorb water from the environment when the relative humidity 
is high and can lose water when the relative humidity is low. Thus for applications we might 
need to keep them sealed. By selecting different salts, we can broaden or shorten the range of 
the phase. For example instead of CaCl2 if we select LiCl, corresponding to a 25wt% LiCl the 
hydrogels can go down to -750C without any freezing [151]. LiCl might not be suitable for 
Polyacrylamide-alginate hydrogels because Li+ can exchange Ca2+ and reduce the toughness. 
But with suitable hydrogels, we can prepare non-freezing hydrogels that are strong and 
flexible even at environments of -750C.  
 
7.4 Summary 
We have demonstrated hydrogels that are partially frozen and hydrogels that do not 
freeze below water freezing temperature. By adding suitable amount of salt we can determine 
the phase of hydrogels at a given temperature using the phase diagram of salt-water system. 
These hydrogels are strong and flexible at low temperatures compared to regular hydrogels 
that freeze solid. These new class of hydrogels can be used in range of applications including 
cooling gel packs, ionic devices and soft robotics at low temperatures.  
 
 
 
 
 112 
Chapter 8  
Conclusions 
 
8.1 Summary and concluding remarks 
Hard and dry materials are used for structural applications and the use of soft and wet 
hydrogels for structural applications might not sound feasible. But the emerging field of soft 
materials suggests that we can make them tough, strong and non-freezing. This thesis has 
explored a novel hydrogel with exceptional mechanical properties and their non-traditional 
structural applications.  
 The major accomplishments and findings of the thesis are summarized as follows. 
• We developed an extremely stretchable and tough hydrogel with polymers containing 
ionic and covalent crosslinks. The extremely high fracture energy is attributed to the 
synergy of crack bridging by the polyacrylamide network and energy dissipation by 
unzipping the network of ionic crosslinks of alginate network over a large region of 
the hydrogel. Polyacrylamide network preserves the memory of the initial state, so 
that the large deformation is reversible when the load is removed. The unzipped ionic 
crosslinks cause internal damage, which heals as ionic crosslinks reform.  
• We re-examined the validity of “pure shear test method” for measuring the fracture 
energy of extremely stretchable materials. Pure shear test method is traditionally 
used when the sample width and crack length are much larger than the sample length. 
With both experimental and finite element method we showed that pure shear test 
method can be used to measure fracture energy of extremely stretchable materials. 
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• Even though polyacrylamide-alginate hydrogel has exceptional toughness, the 
stiffness and strength are modest. We improved the stiffness and strength by 
embedding stiff fibers. Brittle hydrogels such as alginate cannot be improved by 
embedding fibers, instead they fail by fibers cutting through the matrix. Toughness of 
polyacrylamide-alginate hydrogel resists fibers cutting through the matrix and it 
dissipates a significant amount of energy by fibers sliding through the matrix. 
• We developed inexpensive fire-retarding materials using hydrogels that provide 
superior protection from burn injuries. When hydrogel is exposed to a fire a 
significant amount of heat is carried away due to water evaporation. The temperature 
of hydrogel rises rapidly to 1000C due to high thermal conductivity of water but it 
cannot exceed this temperature until the hydrogel is fully dehydrated. By combining 
hydrogels and fabrics of low thermal conductivity into laminates, we designed fire-
retarding materials that can protect people from burn injuries. 
• We characterized the force-stroke curves of hydrogel actuators using ideal 
elastomeric gel model and with experiments. Hydrogels that undergo a volume phase 
transition in response to an external stimulus can be used as actuator materials in 
small-scale devices. Because of the poor mechanical behavior, conventional hydrogels 
have limited use as actuators. Tough active hydrogels that can generate large blocking 
forces without sacrificing stroke would be ideal materials for soft actuators.  
• Hydrogels are consisted of mostly water and they freeze when the temperature drops 
below 00C. All the above-mentioned applications would be functionless at low 
temperature. We demonstrated a new class of hydrogels that do not freeze and 
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hydrogels that partially freeze below water freezing temperature. Partially frozen 
hydrogels are ideal for cooling applications such as gel packs and non-freezing 
hydrogels are useful in ionic devices, soft robotics and any structural applications of 
hydrogels at low temperatures. 
 
8.2 Outlook for future work 
Hydrogels with enhanced mechanical properties have the potential to open up many novel 
applications. They can be considered as tough water and exhibit many of the amazing 
properties of water. Following are some applications of interest.  
• A class of devices using stretchable, transparent ionic conductors have developed 
capable of operating at frequencies beyond 10 kHz and voltages beyond 10 kV [137]. 
The emergence of the field of stretchable electronics, along with its biomedical 
applications has highlighted the mismatch between electronic devices made of hard 
materials compared to tissues and cells that are soft. Stretchable conductors are 
needed to enable electronics to meet skin, heart and brain. Many ionic conductors, 
such as hydrogels take a solid form and are highly stretchable and transparent and 
are ideal as stretchable conductors. Keplinger et al developed transparent, large 
strain actuator and a transparent loudspeaker [137]. Potential applications of ionic 
devices include neuromuscular and neurosensory systems for soft robots, biomedical 
devices, and tunable optical devices. In these applications, the ionic conductors will 
likely be subjected to large deformations, as well as fast and cyclic loading. Hydrogels 
with high stretchability, toughness and fatigue resistance are critical to these 
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applications.  
• In oil industry, equipment manufacturers have traditionally striven to develop 
elastomers that swell very little when exposed to oil or water. However, with the introduction 
of non-cemented completion system to make oil or gas wells ready for production, came the 
necessity of open-hole packers. These systems use a variety of packers for sealing purposes, 
providing an opportunity for novel swellable packers. Hydrogels can be used as packer 
materials that swell in the presence of water or water-based fluids. Their increasing volume 
can seal a well and thus prevent the outflow of fluids from the ground [12]. The extreme 
conditions that the packers are exposed to during operation- conditions of high pressure and 
temperature- impose stringent requirements on the mechanical performance of the 
hydrogels.  
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